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River metabolism is the balance between carbon fixation through gross primary production (GPP) 
and mineralization of autochthonous and allochthonous organic matter through ecosystem 
respiration (ER). A river is autotrophic if production is higher than respiration, and heterotrophic 
if respiration is higher than production. Generally, river ecosystems tend to be heterotrophic since 
in addition to autochthonous organic carbon fixed by autotrophs within rivers, allochthonous 
organic carbon is also discharged from terrestrial ecosystems into rivers and respired. Therefore, 
measurement of river metabolic rates (i.e. GPP and ER rate) are of prime importance in 
determining and evaluating the ecological state of rivers. River metabolic rates can be measured 
by diel changes in dissolved oxygen (DO) concentrations which is determined by the balance 
between instantaneous production and respiration rates in rivers and gas flux between river water 
and air known as reaeration rate (K). 
Classically, it has been expressed as: 
∆𝐷𝑂
𝑑𝑡
= 𝐺𝑃𝑃 − 𝐸𝑅 + 𝐾 
where ∆𝐷𝑂 is difference in DO concentration for a short time interval. Therefore, if temporal 
estimations of DO and reaeration rates are available, both GPP and ER rates can be empirically 
estimated. Due to the development of DO measurement probes, it has become possible to 
automatically measure high frequency in situ DO concentrations. However, since estimation of 
reaeration rate was experimentally laborious and imprecise, it has been difficult to estimate the 
GPP and ER rates from this type of equation. Fortunately, recent progress in mathematical models 
with Bayesian algorithms, such as BASE v2.0 model (Grace et al. 2015), have made it possible to 
determine reaeration rates simultaneously with estimations of GPP and ER rates.  
 In Japan, the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) has routinely 
measured diurnal changes in DO and water temperature at monitoring sites of the major rivers and 
provides these data as an open access database named Water Information System. Using these 
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measured DO values with a modern statistical modelling, I estimated GPP, ER and NEP rates in 
various rivers of the Japanese Archipelago.  
In the next chapter, I examined if river metabolic rate changes spatially along latitude. Since 
temperature is a key factor affecting photosynthetic and respiration rates, the rates of GPP and ER 
are expected to be lower for rivers at higher latitudes, while the NEP rate likely decrease in rivers 
at lower latitude due to higher sensitivity of ER to temperature compared with GPP. To examine 
these possibilities, I estimated the ecosystem metabolism of 30 rivers located from 43.037°N to 
32.386°N in Japan during summer using a Bayesian model with hourly changes in dissolved 
oxygen concentrations. In addition, I examined latitudinal trends of GPP, ER and NEP in a global 
scale by compiling and analyzing river metabolic data estimated in previous studies. This analysis 
showed that both GPP and ER tended to increase with latitude, although these rates were positively 
related to water temperature in Japanese rivers. Global dataset of GPP and ER also showed 
increasing trend towards higher latitude. In addition, contrary to my initial expectations, NEP 
decreased with latitude and most rivers were net heterotrophic at both regional (Japanese rivers) 
and global scales. These results imply that the latitudinal temperature effect on river metabolism 
is masked by other factors not examined in this study, such as land use in the watershed, which 
play pivotal roles in explaining the latitudinal variation of river metabolism. 
In the following chapter, I estimated river metabolic rates in four seasons from 2010 – 2016 
at 16 river stations across Japan to examine magnitude of annual and seasonal variations in river 
GPP and ER rates and if these variations change across the latitudinal gradient. The analyses 
showed that seasonal variation across the rivers was greater than annual variations in the GPP rates, 
while, the annual variations in ER rates was often higher than, or the same level to, the seasonal 
variations, indicating that seasonality is stable in the GPP rate than in the ER rate in river 
ecosystems. Temperature, precipitation and photosynthetically active radiation (PAR) explained 
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50% of the seasonal variation in the GPP rate while temperature, precipitation and GPP rate 
explained 27% of the seasonal variation in ER rate. More importantly, I found that magnitudes of 
seasonal variabilities in the GPP and ER rates tended to increase toward north. Although, the 
magnitude of seasonal variability along the latitude gradient in the ER rates was well explained by 
temperature and GPP rate, seasonal variability along the latitudinal gradient in the GPP rates were 
not explained by temperature and PAR, suggesting that seasonal and spatial responses of the river 
GPP rate to changes in environmental conditions differ with those of ER rate, and that the 
magnitude of seasonal variability in GPP is determined by local environmental conditions 
independent of the latitudinal environmental trend. 
In the last chapter, I examined the hypothesis that land use and land cover in the watershed 
play a pivotal role in explaining the latitudinal variation of river metabolic rates. For this objective, 
I examined land use and land cover in the watersheds of 23 Japanese rivers across the latitudinal 
gradient of 43.037°N to 32.386°N at eight different spatial scales. The analysis showed that land 
use and land cover components have different effects on metabolic rates depending on the distance 
from the location where these rates were measured. For example, GPP rate was affected by near-
distance agriculture and forest areas and far-distance agriculture and grassland areas and ER rate 
was affected by near-distance agriculture and urban areas and far-distance grassland areas. More 
importantly, the results supported the hypotheses that increasing trends of GPP and ER rates 
toward north rivers were indeed generated by latitudinal differences in land use and land covers in 
the watershed. Latitudinal variations in the river metabolic rates suggests that the balance of GPP 
and ER rates in given river ecosystem will change under putative warming. However, this study 
suggests that changes in land use and land cover induced by anthropogenic activities in the 
watersheds would have greater impacts on the balance between the GPP and ER rates in given 
river ecosystems. 
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Chapter 2 
River metabolism along a latitudinal gradient across Japan and in a global scale 
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Introduction 
Ecosystem metabolism includes carbon fixation and mineralization through gross primary 
production (GPP) and ecosystem respiration (ER). In rivers, the balance between GPP and ER, 
denoted by net ecosystem production (NEP), is not necessarily positive since, in addition to 
organic carbon fixed by autotrophs within rivers, terrigenous organic carbon is discharged into 
rivers and respired (Marcarelli et al. 2011; Hotchkiss et al. 2015). This implies that river 
communities are sustained by both autochthonous and allochthonous organic carbon and that the 
community dependency on the terrigenous carbon is reflected by the balance of fixation and 
mineralization of organic carbon. Thus, GPP, ER and NEP are important properties integrating the 
biological processes of communities involved and characterizing given river ecosystems 
(Mulholland et al. 2001; Hotchkiss et al. 2015). 
River metabolism is known to be influenced by various abiotic and biotic factors such as 
light (Naiman 1983; Bott et al. 1985; Mulholland et al. 2001; Roberts et al. 2007; Finlay 2011; 
Beaulieu et al. 2013), temperature (Demars et al. 2011; Beaulieu et al. 2013; Escoffier et al. 2016), 
nutrients (Acuña et al. 2007; Iwata et al. 2013; Masese et al. 2017), hydromorphology (Young et 
al. 2008; Kupilas et al. 2017), geomorphology (Uehlinger 2006; Atkinson et al. 2008), and changes 
spatially and seasonally. Among these, previous studies have shown that GPP is affected mainly 
by light (Naiman 1983; Bott et al. 1985; Mulholland et al. 2001; Roberts et al. 2007; Finlay 2011; 
Beaulieu et al. 2013) and temperature (Demars et al. 2011; Beaulieu et al. 2013; Escoffier et al. 
2016), while ER is controlled mainly by temperature (Bott et al. 1985; Webster et al. 1995; Acuña 
et al. 2004; Uehlinger 2006; Demars et al. 2011). In addition, some studies suggested that ER is 
more responsive to temperature compared with GPP (Allen et al. 2005; Song et al. 2018). Thus, 
GPP, ER and NEP in rivers may systematically change with the latitudinal gradient of light and 
temperature. If this were the case, the latitudinal gradient would be useful to build predictive 
models of river ecosystem metabolism in response to warming and climate changes. However, 
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although a few studies have examined the latitudinal variations of GPP (Lamberti and Steinman 
1997) in rivers, no study has yet examined latitudinal variations of ER and thus NEP.  
In this study, therefore, I simultaneously estimated GPP, ER and NEP in rivers at various 
latitudes in Japan. Since Japan extends over a wide range of latitudes from 24°N to 45°N, it 
provides an excellent location to examine these hypotheses. In Japan, the Ministry of Land, 
Infrastructure, Transport and Tourism (MLIT) has routinely measured diurnal changes in DO and 
water temperature at monitoring sites of major rivers and provides these data as an open access 
database (Water Information System, http://www1.river.go.jp). Using these measured DO values with 
a modern statistical modelling, I estimated GPP, ER and NEP in various rivers of Japan. Then, I 
examined the following hypotheses: (1) GPP would decrease towards the north since both 
temperature and the amount of solar radiation decrease from lower to higher latitudes, (2) ER 
would also be lower in areas of higher latitude since lower temperatures reduce the respiration 
activity of organisms; and accordingly, (3) river ecosystems would become more heterotrophic in 
rivers located at lower latitude since ER is more sensitive to changes in temperature than GPP 
(Allen et al. 2005; Song et al. 2018). Finally, to test if the latitudinal trends of GPP, ER and NEP 
found in Japan rivers are valid in a spatially larger scale, I complied and examined literature data 
on GPP and ER estimated in rivers at various latitude in the world and compared the latitudinal 
trends with those in Japanese rivers. 
 
Materials and Methods 
Study area 
The Japanese Archipelago (area: 377,880 km2) extends over approximately 2,000 km from 
subtropical in the south to subarctic climatic conditions in the north (Iyama 1993; Yoshimura et 
al. 2005) and has four distinct seasons (Japan Meteorological Agency 2016). In general, summer 
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extends from mid-June to September, with early summer experiencing a rainy season, known as 
the Tsuyu. During the late summer and autumn, typhoons strike the archipelago, which often result 
in heavy rains and river flooding. In the northern areas, snowfall occurs during the winter, when 
river flow is generally low. In such snow-covered areas, river flow becomes high during the spring 
with snowmelt runoff. As a result, river flow fluctuates seasonally and annually depending on the 
rainfall and snowmelt patterns (Yanai 2008). Geologically, Japan is characterized by frequent 
tectonic and geothermal activity. Japanese rivers are generally short (max length: 370 km) and 
steep, with flashy flow regimes and thus are sediment rich (Yoshimura et al. 2005).  
 In this study, I focused on the metabolic rates in August since it falls before the typhoon 
season and after the early summer rainy season, and thus the weather conditions are relatively 
stable throughout the country. In addition, the high temperatures in this month cause high 
biological activity, which likely intensifies the latitudinal gradients.  
 
Data collection 
I collected river data in August from the database constructed by the Water Information 
System (WIS: http://www1.river.go.jp/) developed by MLIT, except for Mimi River (ID = 30, Table 
1), which was provided by the Central Research Institute of Electric Power Industry (CRIEPI). 
The WIS database provides water level, discharge, DO, pH, conductivity and water temperature 
data that have been measured hourly at 90 observatory river stations throughout Japan. Since these 
river stations were setup originally to monitor water flows and make a risk assessment of flood 
and water related disasters, the stations were located at the mid to down streams of the rivers and 
only a limited number of river stations had periodical measurements of DO concentrations. In 
addition, river stations were less located in the northern areas.  
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In this study, I first downloaded dataset from the years 2010–2016 and determined whether 
continuous 24-hour time series data were available. Unfortunately, DO data were often temporally 
missing, deviated from their natural range relative to temperature (0–15 mg O2 /L), drifted strongly 
in a short period or showed temporally unchanged values, probably due to troubles or malfunctions 
with DO sensors. Since there were no remarks about these troubles on DO sensors in the website, 
we removed days when DO showed these unusual values. Accordingly, I used data at dates when 
DO concentrations showed distinct diel patterns of DO as in Fig. 1. 
I verified the data consistency by confirming availability for at least 3 days in August of 
each year from 2010 to 2016. Based on the availability (number of days) and reliability (if the 
values were within naturally reasonable range) of 24-hour time series data, 30 river stations from 
43.03°N to 32.38°N were selected (Fig. 2, Table 1) with a total of 110 values from multiple years 
at these stations.  
I obtained stream order at each river station from 50 m digital elevation maps provided by 
the Geospatial Information Authority of Japan (https://fgd.gsi.go.jp/download/menu.php) with the 
Spatial Analyst tool of ArcMap 10.5 (ESRI 2017). Since water depth was not recorded at the MLIT 
observatory river stations, I estimated mean depth (D) for each river using the discharge data (Q, 
m3/s) and Manning’s equation by assuming that all rivers had a rectangular cross section. 
Discharge data were obtained from the WIS database, while water surface slope and wetted width 
(W) were estimated remotely using the Add Path tool in Google Earth Pro. Manning’s roughness 
constant for natural channels was selected from Coon (1997) depending on the type of channel 
morphology. Then, the mean water depth D was estimated using following equations,  
        𝐷 =  
𝑄
𝑉×𝑊
                   (1) 
where V is mean water-column velocity (m/s) estimated by Manning’s equation as follows, 







                     (2)        
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where H is hydraulic radius, S is the water surface slope, and n is the channel roughness constant. 
I used this estimated depth rather than the depth at the pin-point location of the MLIT observatory 
river station since the metabolic rate measurements are not necessarily products of the river station 
alone but those of upstream area over 10-104 m (Grace and Imberger 2006; Allan and Castillo 
2007).  
Hourly data of meteorological parameters such as atmospheric temperature, pressure, 
precipitation, cloud cover and irradiance were obtained from the meteorological stations of the 
Japan Meteorological Agency (http://www.jma.go.jp/jma/index.html) that were closest to the river 
stations. Irradiance data collected at the meteorological stations were converted to photon flux 
using a conversion factor of 0.46 (Wetzel and Likens 2000). According to the aerial images, all 
the river stations had an open canopy. 
 
Model estimating the metabolic rates 
Various models have been developed for estimating reaeration rate (Atkinson et al. 2008; 
Holtgrieve et al. 2010; Grace et al. 2015) to estimate primary production and ecosystem respiration 
rates from daily DO profiles. Among these, I used the BASE v2.0 (BAyesian Single-station 
Estimation) model developed by Grace et al. (2015) to estimate GPP and ER rates because it was 
made publicly available and could easily compute large number of dataset in a short period of time. 
In addition, my dataset including DO, water temperature and irradiance met the requirement of the 
BASE v2.0 model. 
BASE v2.0 is a model based on the daytime regression developed by Kosinski (1984) which 
describes the DO concentration (mg O2/L) at time step t + 1 from the primary production, 
ecosystem respiration and reaeration rate at preceding time step t as follows: 
           [𝐷𝑂]𝑡+1 = [𝐷𝑂]𝑡 + 𝐴𝐼𝑡
𝑝 − 𝑅(𝜃(𝑇𝑡−?̅?)) + 𝐾(1.0241(𝑇𝑡−?̅?)) 𝐷𝑡   (3) 
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where 𝐴𝐼𝑡
𝑝  refers to the volumetric primary production rate (mg O2 L-1 d-1), A is a constant value 
representing the primary production per quantum of light, I is the incident light intensity at the 
water surface (µmol m-2 s-1), p is an exponent reflecting the ability of primary producers to use 
incident light, R is the volumetric ecosystem respiration rate (mg O2 L-1 d-1),  is the temperature 
dependent factor of the respiration rate, T is water temperature (°C), ?̅? is mean water temperature 
over the 24-h period, K (d-1) is the reaeration coefficient, and D is the difference between the 
measured DO concentration and the saturated DO concentration at a given temperature, salinity 
and barometric pressure.  
By fitting the equation to recorded data, parameter values of production, respiration and 
reaeration rates (A, p, R, , K) were empirically obtained. This model was called from a script in 
the statistical software R, which involves JAGS to run the Markov Chain Monte Carlo (MCMC) 
iterations (Grace et al. 2015). The program run was performed with the time interval set to 3600 
(for one-hour interval) for 20,000 to 200,000 iterations. I excluded the daily data from the further 
analyses if no model convergence was obtained after the maximum MCMC iterations. I also 
removed dates that showed very poor model fit of O2 data even when the parameter chains 
converged.  
The BASE v2.0 model provided the means and the standard deviations for the daily 
volumetric metabolic rates and the other estimable parameters (A, p, R, , K), as well as 
instantaneous rates of volumetric GPP and ER rate for each time step. The output for the diel 
model produced multi-panel validation plots that helped assess the convergence of the model. 
Quantitatively, these were assessed by checking the posterior predictive p-value, R2 value, and the 
residual mean square error values (RMSE). Validation plots included MCMC trace plots for the 
parameter values. Upon a successful convergence of the model, all five chains (A, p, R, , K) of 
parameters overlapped and became centred (Fig. 3). 
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Collection of literature data 
To compare river metabolic rates obtained in Japanese rivers with those in other regions, I 
collected rates of GPP and ER, and calculated NEP (GPP – ER) rates in rivers at various latitudes 
from 27 previously published studies (Table 2) and examined if these rates varied along latitudes 
even at a spatially larger scale. 
 
Statistical Analysis 
In this study, I converted GPP and ER rates into units of carbon, assuming both 
photosynthetic and respiration quotients of unity. I also converted the volumetric metabolic rates 
into areal estimates by multiplying by the mean water depth, which was determined from the 
discharge data and Manning’s equation. Before statistical analyses, I screened the data for outliers. 
Then, mean metabolic rates (GPP, ER and NEP) in August were calculated for each site for each 
year during the period from 2010 to 2016.  
Since the elevation and PAR data were highly skewed, I log-transformed them before the 
analysis. To examine if the metabolic rates were related to latitude, I analysed these with 
Generalized Linear Mixed Model (GLMM) using latitude as a fixed factor and year as a random 
factor by using the lmer function of the lme4 package version 1.1 (Bates et al. 2015) of R version 
3.3.2 (R Core Team 2014). Relationship between metabolic rates and latitudes were then examined 
by simple regression analyses with data estimated in Japanese rivers and collected from literatures 
using R version 3.3.2 (R Core Team 2014).   
To examine the direct and indirect effects of latitude and other explanatory variables on the 
metabolic rates, I performed structural equation modelling (SEM) using data obtained in Japanese 
rivers and considering the causal relationships among the metabolic rates and the explanatory 
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variables. In this analysis, I used latitude, elevation, water temperature and PAR as explanatory 
variables. I excluded stream order in SEM because simple correlation test showed no significant 
relationship with metabolic rates. I standardized all the explanatory variables before the analysis. 
Within single rivers, I treated the monthly average of metabolic rates for a year as an independent 
data. Thus, I examined total 110 values for each of GPP, ER and NEP. In SEM, model fitting was 
performed using maximum-likelihood estimation, and the relative importance of each path was 
compared using individual path coefficients. A chi-square test was used to quantify the overall fit 
of the model. SEM was performed using the lavaan package version 0.5. (Rosseel 2012) of R 
version 3.3.2 (R Core Team 2014).    
 
Results 
The river observatory stations used in this study sprawled across the entire archipelago from 
Hokkaido to Kyushu (Fig. 2; Table 1). The elevation of the observatory stations ranged from 1 m 
at the Shinano River to 181 m at the Kitakami River (Fig. 4; Table 1). The rivers examined were 
mid to large sized, with stream orders ranging from 4 to 7 (Table 1). Mean DO concentration in 
August ranged from 4.90 to 10.58 mg O2 /L and that of PAR ranged from 457 to 1062 μmol m-2 s-
1 (Fig. 4; Table 1). Mean water temperature in August ranged from 15.3 ℃ at the Toyohira River 
to 31.9 ℃ at the Yodo River. 
I obtained a total of 646 estimates for each of gross primary production (GPP) and ecosystem 
respiration (ER), with 110 mean values for August in different years and at different river stations 
(3-15 data points per river station). Reaeration rates (K) ranged from 0.01 day-1 to 33.87 day-1, 
with a mean of 7.33 day-1. GPP rates varied highly, with the estimates ranging from 0.01 g C m-2 
d-1 at the Nagara River (ID = 15, n = 110) to 8.62 g C m-2 d-1 at the Kiso River (ID = 13, n = 110). 
Similarly, ER rates ranged from 0.01 g C m-2 d-1 at the Nagara River to 9.68 g C m-2 d-1 at the Kiso 
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River. Model estimate of K was significantly and positively correlated with both GPP (r = 0.32, p 
< 0.005) and ER (r = 0.26, p < 0.005) (Fig. 5). Across all river stations, GPP rates covaried 
positively and significantly with ER rates, although a few rivers, such as the Iwaki River (ID = 5) 
and the Yamato River (ID = 27), had higher ER rates without correspondingly high GPP rates (Fig. 
6; Fig 7). On average, NEP ranged from -2.78 g C m-2 d-1 at the Yamato River to 1.39 g C m-2 d-1 
at the Mimi River (ID = 30), and only 11 out of 30 rivers had positive NEP (Table 3; Fig. 6). 
GLMM showed that latitude affected significantly GPP and ER but not NEP (Table 3). In simple 
regression analyses, GPP rate was marginally and ER rate was significantly higher in rivers at 
higher latitude (Fig. 8a, 8b), while no significant relationship was detected between NEP rate and 
latitude (Fig. 8c).  
To test the generalities of the latitudinal trends found in Japanese rivers, I complied and 
examined GPP and ER rates in rivers located from 18°N to ~78°N that were estimated in 27 
previous studies (Table 2). Both GPP and ER rates from literature and in this study ranged from 0 
to 20 g C m-2 d-1. In addition, the literature data showed that GPP and ER increased significantly 
towards higher latitude in accord with the trends found in Japanese rivers (Fig 8d, 8e). Similar to 
Japanese rivers, most of the NEP from literature showed negative rates. In the case of data from 
literature, NEP tended to show significantly lower rates at the higher latitude (Fig 8f).  
Structural equation modelling (SEM) explained 11% and 53% of variations in GPP and 
ER in Japanese rivers with significant direct and indirect effects of explanatory variables on these 
metabolic rates (Fig. 9). In the model, latitude had a significant positive direct effect on both GPP 
(standardized effect = 0.38) and ER (standardized effect = 0.21). Moreover, latitude had a 
significant indirect effect through negative effects of water temperature on GPP (standardized 
effect = -0.600.39 = -0.23). Although ER was not directly affected by water temperature, it was 
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positively related to GPP (standardized effect = 0.69) and negatively related to elevation 
(standardized effect = -0.18).  
PAR also showed a significant positive indirect effect on both GPP (standardized effect = 
0.240.39 = 0.09) through water temperature. Latitude had a significant and negative direct effect 
on NEP (standardized effect = -0.23). However, no significant effects of water temperature were 
found for NEP. Instead, NEP was positively related to elevation (standardized effect = 0.28).  
Discussions 
Since both photosynthesis and respiration rates in river ecosystems often depend on water 
temperature (Bott et al. 1985; Acuña et al. 2004; Uehlinger 2006; Demars et al. 2011; Hunt et al. 
2012; Beaulieu et al. 2013; Escoffier et al. 2016), I first hypothesized that both gross primary 
production (GPP) and ecosystem respiration (ER) would systematically change with latitude. 
However, as opposed to my hypothesis, both GPP and ER increased along the latitude. To current 
knowledge, only one previous study (Lamberti and Steinman 1997) examined the relationship 
between GPP and latitude for rivers between 30°N and 50°N, which failed to find any significant 
latitudinal effects. Dataset from 27 previous studies that examined rivers between 18°N and 78°N 
also showed increase in the GPP and ER rates at higher latitude. Therefore, increasing trends of 
river GPP and ER rates towards the north seems to be limited not only in Japan but occurs on much 
larger scales. In this study, water temperatures had positive effects on GPP rate in Japanese rivers, 
which in turn positively affected on ER rate.  
Thus, although latitude can indirectly affect both GPP and ER rates through its negative 
effect on water temperature, other factors related with latitudinal gradients override this indirect 
effect. Other than temperature and irradiance, vegetation type, biomass, and anthropogenic land 
uses are known to change along latitude (Dixon et al. 1994; Dong et al. 2003; Clavero et al. 2011). 
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Thus, positive trends of GPP and ER rates along latitude may be caused by land use and land 
covers in the river watershed.  
Estimation of reaeration rate in rivers is important to properly estimate the ecosystem 
metabolism (Mulholland et al. 2001). In this study, the reaeration rate was estimated by the BASE 
v2.0 model using the time series of DO data (Grace et al. 2015; Dodds et al. 2018; Saltarelli et al. 
2018). BASE v2.0 is certainly advantageous for estimating reaeration rate and thus river metabolic 
rates with the statistical reliability. In general, reaeration rates estimated by model equations tend 
to underestimate compared with those estimated directly by gas tracer methods and empirical 
equations (Young and Huryn 1999; Mulholland et al. 2001). However, the degree of 
underestimation by the model equations was found to be small when the reaeration rate was less 
than 50 day-1 (Young and Huryn 1999) and when the river was deeper than 6 cm (Mulholland et 
al. 2001). In this study, river depth was greater than 6 cm, and the estimated reaeration rate ranged 
from 0.01 day-1 to 33.87 day-1, with a mean of 7.33 day-1, within the range of values reported in 
previous studies (Young and Huryn 1999; Griffiths et al. 2013). Because I used a DO dataset 
measured at hourly intervals, my estimates of reaeration rates and metabolic rates might be 
sensitive to the precision of the data points. To increase the accuracy of the estimation of GPP and 
ER, I used the mean of the daily estimates of metabolic rates for at least three days during August 
as a single data point. The estimates of gross primary production rate (0.01 to 8.62 g C m-2 d-1) and 
ecosystem respiration rate (0.01 to 9.68 g C m-2 d-1) in this study are within the range of previous 
studies, suggesting that the river metabolic rates estimated in this study are reasonable and have 
not deviated greatly from the true values. 
A significant indirect effect of PAR on GPP and ER through water temperature was seen in 
the SEM (Fig. 9). This presence of an indirect effect of PAR along with the absence of a direct 
effect of PAR on metabolic values suggest that the effect of light on the bottom of the river could 
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have been camouflaged by other local factors such as turbidity and cloud cover. In general, the 
penetration of light to the bottom of a river decreases moving downstream, if all else is equal, 
because of the increasing water depth. In addition, with increasing stream order, rivers tend to 
receive more suspended particles and organic matter that increase the attenuation coefficient of 
light. In this study, I used PAR at the river surface and did not consider the attenuation coefficient 
of light in the river water (Krause-Jensen and Sand-Jensen 1998; Brandão et al. 2017). Thus, the 
actual light level received by the autotrophs in rivers may have been not proportional to PAR at 
the surface.  
Summer precipitation is generally lower in the northern areas compared to the southern areas 
of Japan (Japan Meteorological Agency 2016). Since inflows of nutrients and organic matter into 
rivers are expected to be higher in areas with greater precipitation, GPP and ER would be expected 
to be greater towards the south. However, as shown above, such latitudinal gradients in the 
metabolic rates were not found. The vegetation types also differ between northern and southern 
Japan (Numata et al. 1972). For example, broad-leaved evergreen trees dominate the southern 
region, whereas coniferous trees and broad-leaved deciduous trees are predominant in the northern 
region. In addition, central and southern Japan are more urbanized and sustain greater population 
density than in the north (UNDESA 2012). Such latitudinal differences in land use and land cover 
may have directly or indirectly confounded the latitudinal trends in GPP and ER. Finer spatial 
analysis on the watershed would be essential to uncover the actual mechanisms of the effects of 
land cover and land use on river metabolism. 
Among the 30 rivers examined in Japan, only 11 rivers showed positive NEP, indicating that 
most of these rivers are net heterotrophic in the summer, as has been reported in various rivers in 
other continents (Roberts et al. 2007; Beaulieu et al. 2013; Escoffier et al. 2016; Hall et al. 2016; 
Kupilas et al. 2017; Rovelli et al. 2017). In this study, I hypothesized that river ecosystems are 
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more heterotrophic in rivers located at lower latitude since ER is more sensitive to changes in 
temperature than GPP (Allen et al. 2005; Song et al. 2018). However, opposite to the hypothesis, 
both in regional (Japanese rivers) and global scales, NEP showed lower values in rivers at higher 
latitudes. Since this spatial trend cannot be explained by temperature, it may reflect higher 
allochthonous input relative to primary production in northern rivers. This study also showed that 
elevation had a significant positive direct effect on NEP, with rivers at lower elevations exhibiting 
lower NEP than rivers further above sea level. These results suggest that the ecosystem respiration 
rate relative to primary production rate increased moving downstream, where more allochthonous 
organic matter from the upstream areas or the surrounding watersheds tends to accumulate. 
Previous studies (Cole and Caraco 2001; Iwata et al. 2013) also showed that downstream export 
of greater amounts of organic matter fuels heterotrophic respiration in rivers. 
This study explained at most 11% and 53% of the spatial variation in summer GPP and ER 
rates of rivers in Japan through the direct and indirect effects of latitude, PAR and water 
temperature and elevation, indicating factors other than geographic position play pivotal roles in 
determining river metabolism. The development of epilithic algal biomass on riverbeds is a crucial 
determinant of GPP and depends highly on temporal variability in the flow rate of river waters 
(Allan and Castillo 2007). The supply of nutrients associated with watershed anthropogenic 
activities also influences the algal biomass in rivers (Castillo 2010; Miura and Urabe 2017). ER in 
rivers is also affected by the allochthonous supply of organic matter from agricultural and urban 
areas and riparian forests (Marcarelli et al. 2011). Thus, local environmental factors specific to 
individual rivers, which are related or unrelated to latitudinal gradients, may have masked the 
effects of the thermal gradient on GPP and ER rates.  
In conclusion, although GPP and ER rates increased with increasing river water temperature, 
my analysis showed increase in GPP and ER rates and decrease in NEP rate toward higher latitudes, 
  20  
indicating that effects of latitude are not limited to temperature and are likely to include indirect 
effects of local environmental conditions. I first expected that a comparison of river metabolism 
along latitudinal gradients may be useful to predict the effects of putative warming on river 
ecosystems. However, latitudinal trends of GPP, ER and NEP found in this study suggest that the 
uniqueness of each river in conjunction with the latitudinally related factors such as land use and 
land cover confound the effects of temperatures on these metabolic rates. Thus, to better 
understand the effects of warming on river ecosystems, it is important to consider both local and 
latitudinal environmental conditions including vegetation types and biomass, and anthropogenic 
activities in the watershed. 
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Fig. 1. Examples of patterns of diel dissolved oxygen (DO) data. (a) and (b) show examples of the 
distinct diel patterns that were included in the study, whereas erratic and inconsistent sites such as 
(c) were excluded. (a) Chikuko River, August 2012; (b) Shonai River, August 2016; and (c) 
Kitakami River, August 2015.  
 
 




Fig. 2. Map of Japan showing the river observatory stations where the dissolved oxygen (DO) and 
water temperature data were collected. Details of each river are shown in Table 2. 
 
 





Fig. 3. Example of validation plots for Ginbashi on the Ina River in Aug 4, 2015, obtained after 
running the model. Upon a successful convergence of the model, all five chains (A, p, R, K.day 
and theta) overlap and become centred. Plots of measured dissolved oxygen (DO) (empty circle) 
and predicted DO (black line), and measured temperature and photosynthetically active radiation 
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Fig. 4. Frequency histogram of independent parameters used in the study. (a) Elevation, (b) 
Latitude, (c): Stream Order, (d): Dissolved Oxygen (DO), (e): Photosynthetically Active Radiation 
(PAR) and (f) Water temperature. 
 
 




Fig. 5. Relationship between gross primary production (GPP) rate and ecosystem respiration (ER) 
and reaeration rate in the Japanese rivers.  
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Fig. 6. River metabolic rates along the latitudinal gradient in Japan. The x-axis shows latitude 
(from the south to the north), and the y-axis shows gross primary production (GPP) rate (upper 
panel), ecosystem respiration (ER) rate (mid panel) and net ecosystem production (NEP) (lower 
panel) in units of carbon. 




Fig. 7. Relationship between gross primary production rate (GPP) and ecosystem respiration rate 
(ER) across the rivers examined in Japan. Data points are rates estimated in single years. 
Horizontal and vertical bars are standard errors of GPP and ER, respectively. Thick line and grey 
area represent the regression line with 95% confidence intervals. Dashed line indicates 1:1 line. 





Fig. 8. Gross primary production rate (GPP), ecosystem respiration rate (ER) and net ecosystem 
production (NEP) rate of the rivers in Japan (a, b & c: regional scale) and various areas (d, e & f: 
global scale) plotted against latitude. The results of GLMM with the statistical values are shown 
in Table 4. 
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Fig. 9. Results of the structural equation model, showing direct and the indirect effects of latitude 
and other factors on gross primary production (GPP) rate, ecosystem respiration (ER) rate and net 
ecosystem production (NEP) rate of the rivers in Japan. Strengths of effects are denoted by path 
coefficients (i.e., regression coefficients). Red and blue lines indicate significantly negative and 
positive paths (p < 0.05), respectively, and dashed lines indicate hypothesized pathways that were 
not significant in the model. The amount of variation explained by the model is given by R2 with 
fit statistics in each panel. Elevation and PAR are log transformed. 
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Max diel PAR 
(μ mol m-2 s-1) 
Mean DO  
(mg O2/l) 
1 Toyohira Horohirabashi 43.0377 141.3555 5 32 0.62 15.33 472.30 9.93 
2 Tokachi Tokachibashi 42.9344 143.2033 6 19 1.02 17.68 748.31 10.58 
3 Chitose Hinodebashi 42.8325 141.6597 4 10 0.15 20.64 577.75 8.61 
4 Iwaki I Goshogawara 40.8077 140.4375 6 10 1.04 22.01 826.86 7.57 
5 Iwaki II Kamiiwakibashi 40.5919 140.4169 4 45 0.57 23.32 751.69 8.25 
6 Kitakami I Funada bashi 39.8355 141.1613 5 181 0.51 20.94 802.66 8.91 
7 Kitakami II Shiwabashi 39.5513 141.1755 6 92 0.96 24.39 730.34 7.98 
8 Kitakami III Kanegasaki hashi 39.1966 141.1272 7 41 1.35 25.12 756.36 8.04 
9 Mogami Horinouchi 38.6641 140.2730 6 49 1.44 26.42 801.17 8.33 
10 Shinano Shinanogawa 37.8816 139.0188 7 1 2.33 27.20 877.46 7.76 
11 Kuji Sakakibashi 36.4963 140.5544 5 9 0.39 27.68 895.13 7.57 
12 Tone Ashikaga 36.3269 139.4530 5 40 0.26 25.50 842.70 7.82 
13 Kiso Kasamatsu 35.3613 136.7569 6 10 0.95 25.25 847.92 7.18 
14 Yura Shimoamadzu 35.3555 135.1152 6 16 0.40 28.72 868.41 7.52 
15 Nagara Ōyabu ōhashi 35.2966 136.6711 6 10 0.16 25.85 893.90 8.27 
16 Shōnai Biwajima 35.1991 136.8747 5 11 0.48 29.52 807.07 7.28 
17 Yahagi Iwatsu 35.0022 137.1666 5 27 0.61 27.01 815.88 7.86 
18 Katsura Miya Maebashi 34.9075 135.7166 6 14 0.41 28.68 787.89 7.34 
19 Uji Miyukibashi 34.8911 135.6994 6 11 1.28 29.70 812.61 6.91 
20 Ina I Ginbashi 34.8555 135.4155 4 11 0.27 28.82 808.08 8.11 
21 Yodo Hirakata Ōhashi 34.8125 135.6316 7 2 1.25 30.73 834.93 6.90 
22 Toyo Tō furu/Tougo 34.8105 137.4186 4 9 0.30 27.35 789.05 8.03 
23 Ibo Kamikawara 34.8013 134.5630 5 4 0.44 27.91 968.78 7.37 
24 Ina II Gunkōbashi 34.7988 135.4233 4 12 0.24 27.65 832.25 7.19 
25 Kako Kunikane 34.7975 134.8994 6 13 0.38 28.88 829.35 6.83 
26 Kumozu Kumozubashi 34.6466 136.5130 4 6 0.26 28.03 802.07 8.69 
27 Yamato Asaka 34.5858 135.5019 5 6 0.45 29.67 844.73 6.10 
28 Miya Watarai-bashi 34.4891 136.6855 5 10 0.43 26.92 727.88 7.93 
29 Chikuko Kurumeōhashi 33.3292 130.5261 7 2 0.65 27.67 871.12 8.92 
30 Mimi Yamagehei 32.3862 131.5264 4 19.3 1.2 22.52 857.73 9.20 
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Table 2.  GPP and ER rates in summer of various rivers estimated in previous studies.  
 
Citation Name of river Latitude GPP (g C m-2 d-1) ER (g C m-2 d-1) 
Aristegi et al. (2009) Aitzu 43.026111 10.43 4.43 
Aristegi et al. (2009) Aizarnazabal 43.026111 0.71 1.01 
Aristegi et al. (2009) Alegia 43.026111 6.86 6.45 
Aristegi et al. (2009) Altzola 43.026111 13.24 2.36 
Aristegi et al. (2009) Amorebieta 43.026111 4.09 1.39 
Aristegi et al. (2009) Balmaseda 43.026111 3.19 3.83 
Aristegi et al. (2009) Berriatua 43.026111 2.10 1.13 
Aristegi et al. (2009) Elorrio 43.026111 1.50 1.46 
Aristegi et al. (2009) Erenozu 43.026111 4.20 3.75 
Aristegi et al. (2009) Estanda 43.026111 1.24 0.49 
Aristegi et al. (2009) Gardea 43.026111 3.49 4.73 
Aristegi et al. (2009) Herrerias 43.026111 3.56 1.39 
Aristegi et al. (2009) Lasarte 43.026111 3.64 3.71 
Aristegi et al. (2009) Leitzaran 43.026111 2.06 3.30 
Aristegi et al. (2009) Muxika 43.026111 3.23 2.06 
Aristegi et al. (2009) Oiartzun 43.026111 0.68 0.41 
Aristegi et al. (2009) Olet 43.026111 5.33 4.01 
Aristegi et al. (2009) Onati 43.026111 5.78 2.10 
Aristegi et al. (2009) S.Prudentzio 43.026111 4.09 2.51 
Aristegi et al. (2009) Sodupe 43.026111 0.00 3.00 
Benson (2010) Site 4 64.804217 0.74 1.58 
Benson (2010) Site 4 64.804217 0.70 2.46 
Benson (2010) Site 3 64.817533 0.62 1.91 
Benson (2010) Site 3 64.817533 0.77 2.68 
Benson (2010) Site 2 64.880783 0.81 1.89 
Benson (2010) Site 2 64.880783 0.72 2.43 
Benson (2010) Site 1 64.898483 1.47 3.35 
Benson (2010) Site 1 64.898483 0.97 3.36 
Bernot et al. (2010) Grande 18.16 1.95 2.85 
Bernot et al. (2010) Maizales 18.23 2.74 1.99 
Bernot et al. (2010) Ceiba 18.27 3.49 4.39 
Bernot et al. (2010) RIT 18.28 0.19 1.69 
Bernot et al. (2010) Bisley 18.32 0.02 0.90 
Bernot et al. (2010) Pared 18.33 0.15 0.15 
Bernot et al. (2010) Vaca 18.34 1.16 5.89 
Bernot et al. (2010) Mtrib 18.37 2.66 2.78 
Bernot et al. (2010) Petunia 18.39 0.11 1.73 
Bernot et al. (2010) Sycamore Ck 33.75 1.05 1.46 
Bernot et al. (2010) Blacks Branch 34.94 0.19 3.26 
Bernot et al. (2010) Jerry Branch 34.96 0.19 1.69 
Bernot et al. (2010) Mud Creek 34.99 0.04 2.93 
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Bernot et al. (2010) Hugh White Creek 35.05 0.04 0.83 
Bernot et al. (2010) Cunningham Creek 35.05 0.02 1.95 
Bernot et al. (2010) Hoglot Branch 35.09 0.11 0.60 
Bernot et al. (2010) Crawford Branch 35.18 1.13 2.44 
Bernot et al. (2010) Rio Rancho 35.2 2.44 3.75 
Bernot et al. (2010) San Pedro 35.21 1.24 1.99 
Bernot et al. (2010) Bernalillo drain 35.33 3.30 2.66 
Bernot et al. (2010) Sugarloaf Creek 35.38 0.04 6.71 
Bernot et al. (2010) Kings Creek N4D 39.09 0.68 1.16 
Bernot et al. (2010) Campus Creek 39.19 0.11 0.19 
Bernot et al. (2010) Agnorth 39.21 3.00 2.85 
Bernot et al. (2010) Natalie Creek 39.23 0.08 0.41 
Bernot et al. (2010) Arcadia 42.27 0.30 5.29 
Bernot et al. (2010) Honeysuckle 42.31 0.04 2.96 
Bernot et al. (2010) Sawmill Brook 42.52 0.02 0.45 
Bernot et al. (2010) IS_104 42.54 0.26 3.41 
Bernot et al. (2010) Sand Creek 42.58 0.08 0.75 
Bernot et al. (2010) IS_118 42.58 0.04 1.50 
Bernot et al. (2010) Boxford 42.64 0.02 5.48 
Bernot et al. (2010) Black Brook 42.64 0.23 1.69 
Bernot et al. (2010) Runaway Brook 42.65 2.74 4.13 
Bernot et al. (2010) Long Meadow Brook 42.65 1.46 3.08 
Bernot et al. (2010) Gravelly Brook 42.66 0.08 4.24 
Bernot et al. (2010) Wayland 42.67 0.68 1.54 
Bernot et al. (2010) Steinke Drain 42.71 0.30 0.49 
Bernot et al. (2010) Dorr 42.73 0.26 3.26 
Bernot et al. (2010) Cart Creek 42.77 0.08 1.43 
Bernot et al. (2010) Teton Pines 43.53 1.01 0.56 
Bernot et al. (2010) Giltner 43.55 6.08 4.28 
Bernot et al. (2010) Golf 43.57 1.58 3.75 
Bernot et al. (2010) Kimball 43.57 5.10 4.50 
Bernot et al. (2010) Headquarters 43.57 1.24 2.66 
Bernot et al. (2010) Ditch 43.66 1.05 1.50 
Bernot et al. (2010) Spread 43.79 1.20 3.68 
Bernot et al. (2010) Two Oceans 43.88 1.09 4.73 
Bernot et al. (2010) Amazon 44.04 1.05 1.84 
Bernot et al. (2010) Camp 44.12 0.11 1.84 
Bernot et al. (2010) Mack 44.22 0.08 1.80 
Bernot et al. (2010) Potts 44.26 0.11 5.36 
Bernot et al. (2010) Courtney 44.36 1.13 1.50 
Bernot et al. (2010) Oak 44.56 0.30 2.59 
Bernot et al. (2010) Oak 44.57 0.38 0.38 
Bernot et al. (2010) Oak 44.61 0.15 0.38 
Bernot et al. (2010) Periwinkle 44.62 4.43 3.68 
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Betts and Jones (2009) C2 65.16 0.56 1.69 
Betts and Jones (2009) C4 65.16 0.11 0.45 
Betts and Jones (2009) P6 burned 65.16 1.13 2.48 
Bott et al. (2006) Buck and Doe run, Meadow 39.921389 2.44 3.12 
Bott et al. (2006) Buck and Doe Run, Forest 39.925556 0.55 1.14 
Bott et al. (2006) Big Springs, Forest 39.930278 0.20 1.96 
Bott et al. (2006) Birch Run, Forest 39.930278 0.23 2.04 
Bott et al. (2006) Doe Wister, Forest 39.9025 0.62 1.85 
Bott et al. (2006) Fishers, Forest 39.928889 0.38 1.24 
Bott et al. (2006) Gramies, Forest 39.688333 0.44 0.99 
Bott et al. (2006) Hannums, Forest 39.899167 0.19 1.17 
Bott et al. (2006) Moorheads, Forest 39.880833 0.03 2.01 
Bott et al. (2006) Pocopson, Forest 39.903333 0.67 1.01 
Bott et al. (2006) Teters, Forest 39.874722 0.10 0.90 
Bott et al. (2006) West Branch WC Cr, Meadow 39.767778 0.44 1.19 
Bott et al. (2006) Wests, Forest 39.898333 0.01 1.24 
Bott et al. (2006) White Clay Cr, Forest 39.863056 0.69 1.17 
Bott et al. (2006) Big Springs, Meadow 39.931944 0.81 2.79 
Bott et al. (2006) Birch run, Meadow 39.931944 1.34 1.61 
Bott et al. (2006) Doe Wister, Meadow 39.903889 1.99 1.90 
Bott et al. (2006) Fishers, Meadow 39.927778 0.81 1.15 
Bott et al. (2006) Grammies, Meadow 39.684722 1.95 2.24 
Bott et al. (2006) Hannums, Meadow 39.900833 0.62 2.93 
Bott et al. (2006) Moorheads, Meadow 39.876944 1.28 2.49 
Bott et al. (2006) Pocopson, Meadow 39.903056 0.98 1.46 
Bott et al. (2006) Teters, Meadow 39.872222 0.77 2.84 
Bott et al. (2006) West Branch WC Cr, Forest 39.7675 0.09 0.67 
Bott et al. (2006) Wests, Meadow 39.900556 0.30 2.43 
Bott et al. (2006) White clay cr, Meadow 39.768889 0.75 1.04 
Bott et al. (2006) Kisco 41.196389 0.08 0.30 
Bott et al. (2006) Croton 41.210171 0.45 2.25 
Bott et al. (2006) Cross 41.26 0.34 1.13 
Bott et al. (2006) Muscoot 41.2694 0.15 0.94 
Bott et al. (2006) Neversink 41.357222 0.94 3.00 
Bott et al. (2006) Rondout 41.92 1.31 1.50 
Bott et al. (2006) Esopus 42.015556 1.46 3.00 
Bott et al. (2006) Bushkill 42.14746 1.58 3.00 
Bott et al. (2006) West Branch Deleware 42.453611 1.20 1.88 
Bott et al. (2006) Schoarie 42.941111 0.79 1.50 
Cappelletti (2006) Kuparuk River, Ref 68.633333 0.56 6.75 
Cappelletti (2006) Kuparuk River, Fertilized 68.633333 1.05 7.13 
Chen (2013) WM 43.052222 4.37 4.62 
Chen (2013) GM 43.277228 4.76 4.23 
Chen (2013) BL 43.386056 4.80 9.35 
  39  
Chen (2013) BL 43.386056 6.76 11.29 
Chen (2013) BL 43.386056 6.43 8.71 
Chen (2013) BL 43.386056 3.59 7.12 
Chen (2013) BP 43.481861 2.61 2.58 
Chen (2013) BP 43.481861 2.98 2.13 
Chen (2013) BP 43.481861 3.01 2.32 
Chen (2013) SPb 43.484236 4.04 4.06 
Chen (2013) SPb 43.484236 3.41 3.41 
Chen (2013) Spa 43.534567 0.26 0.34 
Chen (2013) Spa 43.534567 0.19 0.19 
Chen (2013) 5F 43.640064 1.67 2.64 
Chen (2013) 5F 43.640064 0.80 1.23 
Chen (2013) 5NF 43.666628 3.35 3.41 
Chen (2013) 3NF 43.699914 1.25 2.48 
Chen (2013) 3NF 43.699914 1.20 2.94 
Chen (2013) 4F 43.705731 0.69 1.51 
Chen (2013) 4F 43.705731 1.13 2.39 
Chen (2013) 4NF 43.707889 0.84 1.27 
Chen (2013) 4NF 43.707889 1.16 1.94 
Chen (2013) 2NF 43.714703 0.27 1.00 
Chen (2013) 2NF 43.714703 0.48 2.10 
Chen (2013) 3F 43.7289 1.44 2.23 
Chen (2013) 3F 43.7289 0.74 1.27 
Chen (2013) 2F 43.734567 0.35 1.40 
Chen (2013) 2F 43.734567 0.35 0.93 
Davis (2012) South Fork Humboldt 40.666667 5.88 4.02 
Demars et al. (2016) PAR 19 52.823583 2.54 7.50 
Demars et al. (2016) PAR 21 52.82375 1.02 7.88 
Demars et al. (2016) PAR 10 52.824361 1.92 3.83 
Demars et al. (2016) PAR 14 52.8245 0.75 2.14 
Demars et al. (2016) TOR 2 63.933389 0.09 0.15 
Demars et al. (2016) TOR 1 63.933444 1.39 2.40 
Demars et al. (2016) TOR 3 63.934389 4.72 4.43 
Demars et al. (2016) TOR 4 63.935194 0.78 2.10 
Demars et al. (2016) TOR 7 63.954556 3.05 4.58 
Demars et al. (2016) TOR 6 63.955028 0.54 0.56 
Demars et al. (2016) HG 18 64.009833 5.67 6.30 
Demars et al. (2016) HG 19 64.010306 9.39 13.05 
Demars et al. (2016) HG 20 64.010833 13.32 17.33 
Demars et al. (2016) HG 21 64.011056 16.38 19.20 
Demars et al. (2016) HG 37 64.012222 3.23 6.37 
Demars et al. (2016) HG 27 64.012806 1.64 1.50 
Demars et al. (2016) HG 22 64.018167 5.26 4.05 
Demars et al. (2016) HG 23 64.018167 3.69 1.35 
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Demars et al. (2016) HG 24 64.019056 4.91 3.75 
Demars et al. (2016) HG 35 64.025583 6.41 15.93 
Demars et al. (2016) HG 36 64.02625 8.22 6.48 
Demars et al. (2011) 1 64.05 7.61 10.57 
Demars et al. (2016) HG 25 64.059389 0.79 1.38 
Demars et al. (2016) HG 26 64.060111 6.68 16.08 
Demars et al. (2016) HEN 12 64.080028 1.58 4.28 
Demars et al. (2016) HEN 1 64.089944 7.63 10.58 
Demars et al. (2016) HEN 5 64.092694 10.35 14.25 
Demars et al. (2016) HEN 2 64.093 5.35 7.05 
Demars et al. (2016) HEN 3 64.093917 1.86 6.41 
Demars et al. (2016) HEN 4 64.094278 0.84 0.94 
Demars et al. (2016) HEN 6 64.094472 6.30 6.86 
Demars et al. (2016) HEN 7 64.095639 1.66 2.63 
Demars et al. (2016) HEN 8 64.09575 5.11 25.05 
Demars et al. (2016) HEN 9 64.096361 5.89 9.56 
Demars et al. (2016) HEN 10 64.097194 3.91 8.96 
Demars et al. (2016) HEN 11 64.098028 3.47 3.64 
Demars et al. (2016) HEN 14 64.100528 0.82 1.54 
Demars et al. (2011) 14 64.517778 0.83 1.54 
Demars et al. (2016) KER 31 64.64575 0.49 1.16 
Demars et al. (2016) VON 4 64.679444 0.94 0.94 
Demars et al. (2016) VON 5 64.684083 0.20 0.83 
Demars et al. (2016) VON 6 64.686056 0.63 1.20 
Demars et al. (2016) VON 7 64.687667 3.34 3.34 
Demars et al. (2016) KER 43 64.688167 0.73 8.21 
Demars et al. (2016) KER 42 64.689472 0.41 2.66 
Demars et al. (2016) VON 1 64.6895 3.08 3.64 
Demars et al. (2016) VON 8 64.689528 0.38 0.15 
Demars et al. (2016) KER 41 64.689556 1.04 3.83 
Demars et al. (2016) VON 2 64.690694 1.11 2.10 
Demars et al. (2016) KER 40 64.692361 2.52 20.29 
Demars et al. (2016) KVE 50 64.865778 1.53 1.84 
Demars et al. (2016) KVE 51 64.865861 0.65 1.54 
Demars et al. (2011) 5 73.368056 10.35 14.25 
Demars et al. (2011) 2 73.66 5.36 7.05 
Demars et al. (2011) 3 74.58 1.84 6.41 
Demars et al. (2011) 4 74.9347 0.83 0.94 
Demars et al. (2011) 6 75.151389 6.30 6.86 
Demars et al. (2011) 7 76.301389 1.65 2.63 
Demars et al. (2011) 8 76.418056 5.10 25.05 
Demars et al. (2011) 9 77.03472 5.89 9.56 
Demars et al. (2011) 12 77.351111 1.58 4.28 
Demars et al. (2011) 10 78.684722 3.90 8.96 
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Demars et al. (2011) 11 78.684722 3.45 3.64 
Dodds et al. (2018) Clarks 39.000556 0.96 0.78 
Dodds et al. (2018) Saline 39.003889 1.05 1.09 
Dodds et al. (2018) Paxico 39.064722 0.75 0.72 
Dodds et al. (2018) Salt 39.139167 1.69 1.83 
Dodds et al. (2018) Rock 39.264722 0.43 0.59 
Dodds et al. (2018) Stranger 39.447778 0.20 0.48 
Dodds et al. (2018) Grasshopper 39.584444 0.41 0.74 
Dodds et al. (2018) Muddy 39.628611 1.12 1.18 
Dodds et al. (2018) Republican 39.984167 0.80 0.85 
Dodds et al. (2018) Delaware 40.403889 0.14 0.16 
Duffer and Dorris. (1966) Blue River Reach 12-13 33.996944 1.13 2.88 
Duffer and Dorris. (1966) Blue River Reach 5-6 33.996944 2.57 4.11 
Duffer and Dorris. (1966) Blue River Reach 6-7 33.996944 8.01 4.73 
Escoffer et al. (2016) Siene River 49.434639 1.43 1.63 
Fellows et al. (2006) Hugh White Cr 35.0597 0.02 0.37 
Fellows et al. (2006) East Fork Walker Branch 35.966667 0.05 1.43 
Fellows et al. (2001) Gallina Cr 36.0378 0.64 5.51 
Fellows et al. (2001) Gallina Cr 36.0378 0.08 2.51 
Fellows et al. (2006) Gallina Cr 36.0378 0.53 1.14 
Fellows et al. (2001) Rio Calaveras 38.197222 0.23 0.86 
Fellows et al. (2001) Rio Calaveras 38.197222 0.19 1.09 
Fellows et al. (2006) Rio Calaveras 38.197222 0.17 0.29 
Flemer (1970) Raritan River, Station I 40.555556 1.76 1.69 
Hall and Tank, (2013) Bailey Cr 43.7904 0.39 0.76 
Hall and Tank (2003) Ditch Cr 43.7904 0.73 2.42 
Hall and Tank (2003) Glade Cr trib 43.7904 0.41 4.99 
Hall and Tank (2003) Lizard Cr 43.7904 0.23 1.54 
Hall and Tank (2003) Moose-Wilson rd Cr 43.7904 0.07 2.27 
Hall and Tank (2003) North Moran Bay Cr 43.7904 0.13 2.16 
Hall and Tank (2003) Paintbrush Canyon Cr 43.7904 0.12 0.70 
Hall and Tank (2003) Pilgrim Creek 43.7904 0.09 0.36 
Hall and Tank (2003) Pilgrim Creek 43.7904 0.05 0.60 
Hall and Tank (2003) Spread Cr 43.7904 1.17 3.14 
Hall and Tank (2003) Two Ocean lake outlet 43.7904 0.61 3.29 
Hall et al. (2003) Polecat Creek 44.1044 4.46 3.86 
Hall et al. (2003) Polecat Creek 44.1044 3.71 4.82 
Hart (2013) Balls Creek 35.68544 0.11 0.70 
Hart (2013) Bates Creek 35.68544 0.13 0.22 
Hart (2013) Caler Main 35.68544 0.37 1.28 
Hart (2013) Cowee Creek 35.68544 0.30 0.81 
Hart (2013) Crawford Branch 35.68544 0.39 1.20 
Hart (2013) Jones Creek 35.68544 0.33 0.88 
Hart (2013) Ray Branch 35.68544 0.23 1.29 
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Hart (2013) Skeenah Creek 35.68544 0.55 1.16 
Hart (2013) Watauga Creek 35.68544 0.26 0.71 
Holtgrieve (2011) Pick Creek 59.55 0.65 2.70 
Holtgrieve (2011) Pick Creek 59.55 0.75 0.98 
Holtgrieve (2011) Seventh Creek 59.581 0.45 0.62 
Holtgrieve (2011) Berm Creek 59.596 0.23 0.21 
Iwata et al. (2007) Ai S.  35.666667 1.60 1.55 
Iwata et al. (2007) Ani S.  35.666667 2.40 6.34 
Iwata et al. (2007) Byodo S.  35.666667 2.89 5.35 
Iwata et al. (2007) Fuji S.  35.666667 0.97 2.51 
Iwata et al. (2007) Hi R.  35.666667 0.74 3.63 
Iwata et al. (2007) Higashihanawa S.  35.666667 2.43 4.29 
Iwata et al. (2007) Hirusawa S. I 35.666667 2.19 3.60 
Iwata et al. (2007) Hirusawa S. II 35.666667 1.46 4.24 
Iwata et al. (2007) Kamata S. I 35.666667 0.71 2.51 
Iwata et al. (2007) Kamata S. II 35.666667 4.50 5.76 
Iwata et al. (2007) Kurosawa S. 35.666667 4.45 5.49 
Iwata et al. (2007) Nagare S.  35.666667 1.70 3.12 
Iwata et al. (2007) Nigori S.  35.666667 0.44 5.82 
Iwata et al. (2007) Nishi S.  35.666667 4.39 6.87 
Iwata et al. (2007) Omo R. II 35.666667 2.17 4.94 
Iwata et al. (2007) Omo R. I 35.666667 1.44 3.42 
Iwata et al. (2007) Otouto S.  35.666667 3.24 7.56 
Iwata et al. (2007) Sanno S.  35.666667 2.11 4.08 
Iwata et al. (2007) Shimoda S.  35.666667 1.85 3.69 
Iwata et al. (2007) Shinmei S. I 35.666667 8.33 12.56 
Iwata et al. (2007) Shinmei S. II 35.666667 2.53 3.82 
Iwata et al. (2007) Takisawa S.  35.666667 4.70 8.93 
Iwata et al. (2007) Yoko S.  35.666667 1.95 4.99 
Kaenel et al. (2000) Muhlibach 47.676 4.69 3.34 
Kupilas et al. (2017) D 51.44093 2.93 4.22 
Kupilas et al. (2017) R1 51.44093 2.75 3.39 
Kupilas et al. (2017) R2 51.44093 3.98 5.74 
Naegeli and Uehlinger (1997) Necker River 47.384 2.81 2.59 
Naegeli and Uehlinger (1997) Necker River 47.384 3.00 2.63 
Naegeli and Uehlinger (1997) Necker River 47.384 2.66 2.44 
Naegeli and Uehlinger (1997) Necker River 47.384 1.28 1.84 
Naegeli and Uehlinger (1997) Necker River 47.384 2.21 2.10 
Naegeli and Uehlinger (1997) Necker River 47.384 2.36 2.29 
Naegeli and Uehlinger (1997) Necker River 47.384 1.01 1.76 
Naegeli and Uehlinger (1997) Necker River 47.384 1.54 1.95 
Naegeli and Uehlinger (1997) Necker River 47.384 0.68 1.73 
Rasmussen (2011) s1 64.05 4.88 9.56 
Rasmussen (2011) s2 64.05 3.60 5.51 
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Rasmussen (2011) s3 64.05 0.90 3.53 
Rasmussen (2011) s4 64.05 0.25 2.10 
Rovelli et al. (2017) GN 51.042947 0.37 0.48 
Rovelli et al. (2017) CW 51.156453 0.69 0.63 
Song et al. (2018) E 44.222825 0.06 0.35 
Song et al. (2018) E 68.647897 0.55 1.20 
Song et al. (2018) E 68.647897 0.67 0.83 
Song et al. (2018) E 68.648258 0.26 0.55 
Song et al. (2018) E 68.643646 0.38 1.25 
Song et al. (2018) E 68.643646 0.24 0.44 
Song et al. (2018) E 68.646108 0.33 1.02 
Song et al. (2018) E 68.636796 0.02 0.13 
Song et al. (2018) E 68.636796 0.03 0.25 
Song et al. (2018) E 68.63687 0.01 0.11 
Song et al. (2018) S 68.633222 0.47 0.83 
Song et al. (2018) S 68.633222 0.78 1.60 
Song et al. (2018) S 68.642999 0.27 0.38 
Song et al. (2018) S 68.634146 0.07 0.17 
Song et al. (2018) S 68.634146 1.21 4.69 
Song et al. (2018) E 39.10006944 0.30 0.42 
Song et al. (2018) E 39.10043889 0.12 0.19 
Song et al. (2018) S 39.10205 0.44 1.31 
Song et al. (2018) E 39.10043889 0.08 0.12 
Song et al. (2018) S 39.105786 0.04 0.17 
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(g C m-2 d-1) 
Mean ER 
(g C m-2 d-1) 
NEP 
(g C m-2 d-1) 
Mean K 
(d-1) 
1 Toyohira Horohirabashi 43.0377 141.3555 0.28 0.76 -0.47 32.80 
2 Tokachi Tokachibashi 42.9344 143.2033 0.17 0.04 0.13 0.30 
3 Chitose Hinodebashi 42.8325 141.6597 0.50 2.16 -1.65 14.03 
4 Iwaki I Goshogawara 40.8077 140.4375 1.89 4.30 -2.41 6.31 
5 Iwaki II Kamiiwakibashi 40.5919 140.4169 3.17 3.98 -0.81 18.73 
6 Kitakami I Funadabashi 39.8355 141.1613 2.38 1.42 0.96 25.82 
7 Kitakami II Shiwabashi 39.5513 141.1755 2.29 2.64 -0.35 7.38 
8 Kitakami III Kanegasakihashi 39.1966 141.1272 3.82 3.73 0.09 5.58 
9 Mogami Horinouchi 38.6641 140.2730 1.07 1.01 0.06 2.15 
10 Shinano Shinanogawa 37.8816 139.0188 2.34 3.52 -1.18 1.94 
11 Kuji Sakakibashi 36.4963 140.5544 0.84 1.19 -0.36 7.13 
12 Tone Ashikaga 36.3269 139.4530 0.77 1.20 -0.43 19.45 
13 Kiso Kasamatsu 35.3613 136.7569 4.70 5.75 -1.06 6.40 
14 Yura Shimoamadzu 35.3555 135.1152 0.16 0.21 -0.05 3.75 
15 Nagara Oyabu ohashi 35.2966 136.6711 0.05 0.06 -0.01 1.50 
16 Shonai Biwajima 35.1991 136.8747 2.63 2.83 -0.20 8.51 
17 Yahagi Iwatsu 35.0022 137.1666 1.55 1.50 0.05 6.58 
18 Katsura Miya Maebashi 34.9075 135.7166 1.21 1.30 -0.09 5.95 
19 Uji Miyukibashi 34.8911 135.6994 1.42 2.45 -1.03 4.33 
20 Ina I Ginbashi 34.8555 135.4155 2.50 1.35 1.15 18.72 
21 Yodo Hirakata Ohashi 34.8125 135.6316 1.51 2.12 -0.60 2.43 
22 Toyo Tofuru/Tougo 34.8105 137.4186 0.71 0.66 0.05 1.86 
23 Ibo Kamikawara 34.8013 134.5630 0.90 1.22 -0.32 5.51 
24 Ina II Gunkobashi 34.7988 135.4233 1.76 2.01 -0.25 10.39 
25 Kako Kunikane 34.7975 134.8994 1.81 1.95 -0.14 1.97 
26 Kumozu Kumozubashi 34.6466 136.5130 0.45 0.34 0.10 1.36 
27 Yamato Asaka 34.5858 135.5019 2.33 5.12 -2.78 11.55 
28 Miya Wataraibashi 34.4891 136.6855 0.54 0.52 0.02 2.64 
29 Chikuko Kurumeohashi 33.3292 130.5261 1.64 1.51 0.13 3.41 
30 Mimi Yamagehei 32.3862 131.5264 2.99 1.61 1.39 5.04 
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Table 4. Results of generalized linear mixed model for gross primary production (GPP), ecosystem 





Gross primary production rate (GPP) model summary 
Random Variable Variance Std.Dev   
Year 0.20 0.44   
Residual 2.12 1.45   
     
Fixed Variable Estimate Std. Error t-value P value 
(Intercept) -3.11 2.22 -1.39 0.16 
Latitude 0.12 0.06 2.13 0.03 
 
Ecosystem respiration rate (ER) model summary 
Random Variable Variance Std.Dev   
Year 0.00 0.00   
Residual 3.47 1.86   
     
Fixed Variable Estimate Std. Error t-value P value 
(Intercept) -3.74 2.73 -1.37 0.17 
Latitude 0.15 0.07 2.09 0.03 
 
Net ecosystem production rate (NEP) model summary 
Random Variable Variance Std.Dev   
Year 0.06 0.24   
Residual 1.77 1.33   
     
Fixed Variable Estimate Std. Error t-value P value 
(Intercept) 1.53 1.99 0.77 0.44 
Latitude -0.05 0.05 -0.93 0.35 
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Chapter 3 
Latitudinal comparisons of river metabolism reveal larger seasonal variations 
toward north 
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Introduction  
  
Riverine gross primary production (GPP) and ecosystem respiration (ER) known as the river 
ecosystem metabolism provides information about trophic state (Odum 1956) and determines the 
balance of organic matter that are produced by the autotrophs and respired by the heterotrophs 
(Mulholland et al. 2001). In lotic ecosystem, the balance between GPP and ER rates, denoted by 
net ecosystem production (NEP) rate, is generally negative since, in addition to organic matter 
fixed by autotrophs within rivers, terrigenous organic matter is discharged into rivers and respired 
(Marcarelli et al. 2011; Hotchkiss et al. 2015). GPP is known to be affected mainly by temperature 
(Naiman 1983; Beaulieu et al. 2013), PAR (Bott et al. 1985; Hill et al. 1995), nutrients (Elwood 
et al. 1981; Guasch et al. 2006) and biomass of autotrophs such as sessile algae on the river bed 
(Biggs and Close 1989), whereas ER is controlled mainly by temperature (Sinsabaugh et al. 1997; 
Demars et al. 2011b; Song et al. 2018), availability of organic matter (Petersen and Cummins 
1974; Webster et al. 1995; Young and Huryn 1999) and heterotrophs including bacteria (Edwards 
et al. 1990; Hall and Meyer 1998). Accordingly, a number of studies have shown that the river 
metabolisms vary seasonally depending on temperature and phenology of riparian vegetation 
which directly and indirectly affect discharge rate of organic matter and nutrients into rivers 
(Uehlinger 2006; Acuña et al. 2007; Beaulieu et al. 2013; Alberts et al. 2017). However, it is not 
clear if the seasonality of the river metabolic rates is annually stable and if the magnitude of 
seasonal variations changes depending on geographic locations such as latitude, although 
information on these variabilities are crucial to better understand the effects of changes in climate 
conditions on river metabolism in future (Bernhardt et al. 2018; Gurung et al. 2019).   
A recent latitudinal scale study showed that in summer, metabolic rates tend to increase 
toward north not only within a region (such as in Japan) but also worldwide (Gurung et al. 2019). 
Since winter is warmer in south, seasonal variation in river metabolism may be less remarkable in 
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rivers located at lower latitude. Alternatively, since summer is colder in north, seasonal variation 
in river metabolism may be rather small in rivers located at higher latitude. However, due to 
unavailability of spatial-temporal studies in multi-streams, the patterns of seasonality in river 
metabolism across latitudinal scales in unknown. According to a report published by (IPCC 2007) 
and previous studies (Root et al. 2003; Parmesan 2007; Dillon et al. 2010), effects of global 
warming differ between southern and northern regions. Thus, assessment on latitudinal variations 
of seasonality in river metabolism is of prime importance to forecast how climate changes affect 
river ecosystems.  
Japanese Archipelago (area: 377,880 km2) extends over approximately 2,000 km from 
subtropical in the south to subarctic climatic conditions in the north (Iyama 1993; Yoshimura et 
al. 2005) and has four distinct seasons (Japan Meteorological Agency 2005). Summer extends 
from mid-June to September, with early summer experiencing a rainy season, known as the Tsuyu. 
During the late summer and autumn, typhoons strike mainly in south to central areas of the 
archipelago, which often result in heavy rain. In the northern areas, snowfall occurs during the 
winter and river flow is generally low. In such snow-covered areas, river flow becomes high during 
the spring due to snowmelt runoff. As a result, river flow fluctuates seasonally and annually 
depending on the rainfall and snowmelt patterns (Yanai 2008). Thus, the Japanese archipelago 
provides an excellent ground to study annual, seasonal and latitudinal variations in river 
metabolism.  
In this study, therefore, I estimated river metabolic rates in four seasons for seven years at 
16 river stations across Japan using the BAyesian Single-station Estimation (BASE v2.0) model 
developed by (Grace et al. 2015) based on hourly data of dissolved oxygen (DO) concentrations, 
photosynthetically active radiation (PAR), atmospheric pressure, salinity and water temperature. 
The specific objectives in this study were (1) to clarify if seasonal variation of the river metabolic 
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rates is annually stable, (2) to identify major factors regulating seasonal and annual variations of 
the river metabolic rate, (3) to examine whether or not the magnitude of seasonal variations change 
along latitude from south to north and, (4) if it were the case, to find environmental conditions 
causing such spatial variations in the seasonality of river metabolic rate.  
 
Materials and Methods 
Study sites and data collection 
In Japan, the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) has routinely 
measured diurnal changes in DO and water temperature at monitoring sites of major rivers and 
provides these data as an open access database (Water Information System, http://www1.river.go.jp). 
The WIS database provides DO, pH, conductivity, turbidity and water temperature data that have 
been measured hourly at 90 observatory river stations throughout Japan. Since these river stations 
were setup originally to monitor water flows and make a risk assessment of flood and water related 
disasters, the stations were located at the mid to down streams of the rivers (stream orders 4 to 7) 
and only a limited number of river stations had periodical measurements of DO concentrations. 
Among these river stations, substantial amounts of hourly DO for all seasons were recorded in the 
WIS database in 16 river stations of 13 rivers (Fig 1; Table 1). Thus, I examined river metabolic 
rates at these 16 river stations which were located in areas extending from 42.935 to 33.327 
north latitude and from 143.205 to 130.527 east longitude (Fig. 1).  
In this study, four seasons were defined based on temperature; May was designated as the 
representative month for spring, August for summer, November for autumn and February for 
winter. Using satellite images, I confirmed that no riparian canopy was covered over even in plant 
growing seasons (spring to autumn) at any of these river stations. Then, I downloaded data of these 
16 stations for May, August, November and February from 2010 to 2016 from the WIS database.  
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After downloading the data sets of river stations, I checked data quality, since, as shown 
previously (Gurung et al. 2019), DO values were sometimes out of the natural range (0~15 mg O2 
/ L). I removed days having these unreliable DO values from the dataset according to the guideline 
shown previously (Gurung et al. 2019) and used data from the days that showed distinct diel 
patterns of DO concentrations with maximum values occurring during midday. For each season in 
each river, I selected at least four consecutive days to create uniformity in the number of days 
examined. I did not measure the metabolic rates in seasons that had less than four consecutive days 
of DO data. Thus, the number of years examined varied depending on sites and seasons (Table 2). 
A total of 1188 days-data was obtained with 316 days in spring, 332 days in summer, 284 days in 
autumn and 256 days in winter.  
I also obtained hourly data of meteorological parameters such as photosynthetically active 
radiation (PAR) and precipitation from the meteorological stations of the Japan Meteorological 
Agency (http://www.jma.go.jp/jma/index.html) that were closest to the river stations. Irradiance data 
collected at the meteorological station was converted to photon flux using a conversion factor of 
0.46 (Wetzel and Likens 2000). Since the effect of precipitation in river ecosystems has a time lag 
for at least several days (Zonta et al. 2005; Antonelli et al. 2008; Townsend-Small et al. 2008), I 
used the average value of daily precipitations for 7 days including the sampling date for following 
analyses. I obtained stream order for each river by using “Spatial Analyst” tool of ArcMap 10.5 
(ESRI 2017) on 50 m grid digital elevation maps provided by the Geospatial Information Authority 
of Japan (https://fgd.gsi.go.jp/download/menu.php).  
 
Model estimating the metabolic rates 
I estimated gross primary production (GPP), ecosystem respiration (ER) and reaeration rates 
(K) by modelling diel changes in DO concentrations with light, temperature, atmospheric pressure 
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and salinity using a Bayesian method algorithm, BAyesian Single-station Estimation (BASE) v2.0 
that was developed by Grace et al. (2015). Net ecosystem production (NEP) rate was calculated 
as the difference between GPP and ER rates. Since the method estimating these rates are shown 
elsewhere (Gurung et al. 2019), I have briefly described the model here.  
BASE v2.0 was publicly available and could easily compute large number of datasets in 
a short period of time. In addition, my dataset including hourly measures of DO, water temperature, 
PAR, salinity and atmospheric pressure well met the requirement of the BASE v2.0. The model is 
based on the daytime regression developed by Kosinski (1984) which describes the DO 
concentration (mg O2/L) at time step t + 1 from the primary production, ecosystem respiration and 
reaeration rate at preceding time step t as follows: 
           [𝐷𝑂]𝑡+1 = [𝐷𝑂]𝑡 + 𝐴𝐼𝑡
𝑝 − 𝑅(𝜃(𝑇𝑡−?̅?)) + 𝐾(1.0241(𝑇𝑡−?̅?)) 𝐷𝑡   (1) 
where 𝐴𝐼𝑡
𝑝
 refers to the volumetric primary production rate (mg O2 L-1 d-1), A is a constant value 
representing the primary production per quantum of light, I is the incident light intensity at the 
water surface (µmol m-2 s-1), p is an exponent reflecting the ability of primary producers to use 
incident light, R is the volumetric ecosystem respiration rate (mg O2 L-1 d-1),  is the temperature 
dependent factor of the respiration rate, T is water temperature (°C),  ?̅? is mean water temperature 
over the 24-h period, K (d-1) is the reaeration coefficient, and D is the difference between the 
measured DO concentration and the saturated DO concentration at a given temperature, salinity 
and barometric pressure. By fitting this equation to the recorded DO, temperature, salinity, 
atmospheric pressure and PAR, parameter values (A, p, R, , K) necessary for estimating GPP and 
ER rates were empirically obtained. Then, the BASE v2.0 model provided the means and the 
standard deviations for the daily volumetric GPP and ER rates.  
In this study, GPP and ER rates were converted from the volumetric measurements into 
areal estimates by multiplying by the mean water depth and expressed as units of carbon, assuming 
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both photosynthetic and respiration quotients of unity. Since water depth data was not recorded by 
MLIT, I estimated it using the discharge data and the Manning’s equation as described elsewhere 
(Gurung et al. 2019). Data of discharge rate at each river station was obtained from the Water 
Information System database (http://www1.river.go.jp/) while water surface slope and wetted width 
were estimated using the “Add Path” tool of Google Earth Pro. Estimated depth was used rather 
than the depth at the pin-point location of the MLIT observatory river stations since the metabolic 
rate measurements are not necessarily products of the river stations alone but those of upstream 
area over 10-104 m (Grace and Imberger 2006; Allan and Castillo 2007).  
 
Statistical analysis 
Before statistical analysis, I made a log (x + 1) transformation for GPP rate, ER rate and 
precipitation. Since, NEP rate, PAR and water temperature were in a normal distribution, I did not 
make any transformation for these variables. Simple Pearson’s correlation test was used to 
examine statistical significance in relationships among these rates. I performed a two-way nested 
ANOVA for temperature, PAR, precipitation, GPP, ER and NEP rates to examine if these 
parameters varied seasonally and annually. In this analysis, year was used as the topmost fixed 
factor and season was nested under year. Then, I estimated percentages of variance components 
due to annual, seasonal and daily (error) variations. When values of a variance component for a 
factor was negative, I set it to zero according to Sokal and Rohlf (1981). Using mean square of 
variance in the ANOVA, I also estimated coefficients of seasonal variations (CVs) for temperature, 
PAR, precipitation and GPP, ER and NEP rates. This estimation was done using “VCA” package 
(Schuetzenmeister and Dufey 2017) in R version 3.3.2 (R Core Team 2014). Note that coefficient 
of seasonal variation of river metabolic rates at Hinodebashi station of Chitose River (Table 1, ID 
= 2) could not be calculated because seasonal data was only available only for one year (Table 2).   
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I used the generalized linear mixed models (GLMMs) to examine factors affecting seasonal 
changes in river metabolic rates regardless of latitude. For GPP rate, I treated PAR, temperature, 
and precipitation as fixed effects and latitude as random effect. Biological response to physical 
factors such as temperature and light may not necessarily be linear in riverine ecosystems (Huryn 
et al. 2014). Therefore, in order to examine the possibilities of non-linear responses of river 
metabolic rates to these fixed effects, quadratic terms of these variables were also included in the 
model. For ER rate, I also included latitude as random effect and GPP rate, linear and quadratic 
terms of temperature and precipitation as fixed effects. In this model, I included GPP rate since 
autochthonous organic matter is an important substrate respired by heterotrophs on the given sites 
(Thorp and Delong 2002). I performed forward selection process using “drop1” function to select 
the best model with the least AIC value. Conditional and marginal r-squared values were computed 
to check the robustness of the model with and without the random effect. These analyses were 
carried out using lme4 package (Bates et al. 2015), lmerTest package (Kuznetsova et al. 2017) and 
MuMIn package (Barton 2018) in R version 3.3.2 (R Core Team 2014). 
Finally, to examine direct and indirect effects of environmental variables on CVs of GPP 
and ER rates, I performed structural equation modelling (SEM) by using latitude and CVs of 
temperature and PAR as explanatory variables. These variables were selected after performing the 
generalized linear regression using glm function and selecting the best model using stepAIC 
function by using MASS package (Venables and Ripley 2002) of R version 3.3.2 (R Core Team 
2014). I standardized all the variables before the analysis. Model fitting was performed using 
maximum-likelihood estimation and the relative importance of each path was examined using 
individual path coefficients. A chi-square test was used to quantify the overall fit of the model. 
The analysis was performed using the lavaan package (Rosseel 2012) version 0.5 in R version 
3.3.2 (R Core Team 2014).  





Dissolved oxygen (DO) concentration varied diurnally and seasonally with sharp peaks in 
daytime and low in nighttime especially at Kanegasakihashi (Kitakami River: latitude = 
39.1966°N; Fig. 2a) and Ginbashi (Ina River: latitiude = 34.8549°N; Fig 2b) as compared to 
Kurumeohashi (Chikuko River: latitude = 33.327°N; Fig 2c). Dissolved oxygen concentrations 
were, in general, the highest in winter and the lowest in summer as shown in examples of 
Kanegasakihashi, Ginbashi and Kurumeohashi in Fig. 2. Throughout the rivers studied, the highest 
DO concentration of 16.47 mg O2/L was observed in winter at Kanegasakihashi and the lowest of 
5.62 mg O2/L in summer at Ginbashi.  
Mean daily water temperature ranged from 0.61 °C in winter at Kamiiwakibashi (Iwaki 
River) to 32.32 °C in summer at Hirakata (Yodo River) (Fig 2; Fig 3). Two-way nested ANOVA 
showed that daily mean temperature differed significantly among seasons and among years in all 
the rivers examined (Table 3). Annual average of water temperature decreased significantly toward 
north in all the seasons (Fig. 3). However, comparison of water temperatures among seasons 
showed that although difference in water temperature between summer and winter was ca. 20 °C 
at stations both in north and south areas, those of both between summer and spring and between 
summer and autumn tended to be larger for river stations located at north (Fig. 3), indicating that 
seasonal period with high water temperature was shorter for northern river stations. Accordingly, 
the coefficient of variations (CV) of water temperature among the seasons significantly and 
positively correlated with latitude (Fig 4a).  
Daily mean values of PAR ranged from 72.671 μ mol m-2 s-1 to 1244 μ mol m-2 s-1 (Fig 3; 
Fig 5) and differed significantly among seasons and among years in all the rivers examined (Table 
4). Although PAR correlated significantly and positively with water temperature (r = 0.44, p < 
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0.001, Table 5), the CV of PAR among seasons did not significantly relate with latitude (r = 0.24, 
p = 0.38; Fig 4b). Precipitation also differed significantly among seasons and among years (Table 
6). The highest rainfall of 23.64 mm occurred at Togo (Toyokawa River) in the summer of 2015 
(Fig 6). The CV of precipitation among seasons did not significantly relate with latitude (Fig 4c).  
 
Seasonal and latitudinal variations of river metabolic rates 
 I calculated reaeration rate (K) and daily river metabolic rates using BASE v2.0 for total 
1188 days. The estimated reaeration rate (K) ranged from 0.021 d-1 in summer at Kurumeohashi 
(Chikuko River) to 40.174 d-1 in summer at Kamiiwakibashi (Iwaki River). Gross primary 
production (GPP) and ecosystem respiration (ER) rates varied seasonally and spatially, and ranged 
from 0.011 to 9.303 g C m-2 d-1 and from 0.019 to 16.626 g C m-2 d-1, respectively (Fig 7). Of the 
1188 days when I quantified river metabolism, GPP rate was higher than ER on 341 days and NEP 
rate ranged from -16.42 to 5.02 g C m-2 d-1 (Fig. 7). The relationships of GPP, ER and NEP rates 
with temperature, PAR and precipitation varied seasonally (Fig 8,9,10). Nested ANOVA revealed 
that GPP, ER and NEP rates significantly varied seasonally and annually in all river stations (Table 
7,8,9). According to the variance components for seasons and years, seasonality contributed to the 
majority of total variance in the GPP rate while annual variation explained small parts of the 
variance of this rate in all the stations (Fig. 11). Similarly, seasonality contributed to most of the 
variance in the ER rate in majority of river stations. However, compared with the GPP rate, annual 
variations contributed to larger parts of the variance in the ER rate. At stations Gunkobashi (Ina 
River) and Tokachibashi (Tokachi River), for example, the variance components of ER were larger 
for years than for seasons (Fig 11). Reflecting variations in the ER rate among different years, 
NEP rate also varied largely among different years at several river stations such as Shiwabashi 
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(Kitakami River) and Sakakibashi (Kuji River). According to the variance components, day-to-
day variations in ER and NEP rates were in general larger than that in GPP rate (Fig. 11).  
In all the rivers, seasonal mean of GPP rate was the highest in summer and the lowest in 
winter. However, in the case of ER rate, the highest value was found in summer only in five 
stations (Fig 7). In 6 out of the 13 river stations, ER rate was the highest in autumn. In some river 
stations, the highest ER rate was found in winter and in spring. Simple linear regression of 
metabolic rates against latitude showed that both GPP and ER rates increased significantly towards 
the north in all the seasons except in spring when GPP was higher in stations located at lower 
latitude (Fig 12). Contrasting to the GPP and ER rates, NEP rates significantly decreased towards 
north except in winter (Fig 12), indicating that northern rivers tended to be more heterotrophic. 
Although, GPP and ER rates were related significantly with each other throughout the study period, 
relationship between these differed somewhat seasonally (Fig 13). Correlation between GPP and 
ER rates was strongest in winter, followed by summer, and weakest in autumn. In autumn and 
spring, ER rates were in general much higher than GPP rates in all the rivers, whereas in summer 
and winter, these were of the similar level.  
To examine factors affecting seasonal variations in the river metabolic rates, GLMMs for 
GPP and ER were performed by incorporating latitude as random factor (Table 10) and the best 
model with the least AIC value was selected based on forward selection process using “drop1” 
function. The result showed that the best model for GPP rate included the quadratic terms of 
temperature and precipitation in addition to the linear terms of these and PAR. According to the 
best model, effects of temperature on the GPP rate changed from negative to positive when 
temperature exceeded around 15 °C (Table 10, Fig 8). In addition, GPP rate decreased with 
precipitation when it was < 30 mm/day that covered range of the present data (Table 10, Fig. 10). 
In the best model for ER rate, none of the quadratic terms were included. Instead, the best model 
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of ER rate included linear terms of GPP, temperature and precipitation (Table 10). Among these, 
effect of precipitation alone was negative. Overall, the best models explained 50% and 27% of 
seasonal variations in GPP and ER rates, respectively. Note that in both models, marginal R2 values 
were half of conditional R2 values (Table 10). 
 
Latitudinal changes in seasonal variations of river metabolic rates 
To quantify the magnitude of seasonal variations in the river metabolic rates, I estimated 
coefficient of variations (CV) for GPP, ER and NEP rates using the results of two-way nested 
ANOVAs (Table 7, 8, 9). The CVs for both GPP and ER rates increased with latitude but such 
latitudinal changes were not detected in NEP (Fig. 14). To examine how CVs of these rates related 
with latitude and CVs of temperature, PAR and precipitation, generalized linear model (GLM) 
was performed using these variables (Table 11). The best model of GLM for CVs of GPP rate 
included latitude and CV of PAR and that for ER included latitude, CVs of PAR, temperature and 
GPP. Then, to clarify direct and indirect effects of latitude on CVs of GPP and ER, I performed 
structural equation modelling using the explanatory variables selected in the best GLM models for 
these response variables. The structural equation model explained 30% and 70% of variations in 
CVs of GPP and ER, respectively (Fig. 15). In the model, latitude had a significant positive effect 
on the CV of temperature (standardized effect = 0.04) but no effect on the CV of PAR. The CV of 
GPP was affected directly by latitude (standardized effect = 0.03) but no significant indirect effects 
of latitude via temperature was detected. However, the CV of ER was affected by latitude not only 
directly (standardized effect = 0.01) but also indirectly via coefficient of variation of temperature 
(standardized effect = 0.04 * 0.28 = 0.01). In addition, it was positively related with the CV of 
GPP (standardized effect = 0.44). Coefficient of variation of PAR did not play a significant role 
in explaining either of the CVs of GPP and ER. 




I found a distinct seasonal variation of river metabolic rates in all the 16 river stations 
spanning the Japanese Island. Seasonal variation across the rivers was greater than annual 
variations in GPP rates, while, for ER rates, the annual variations was often higher than, or similar 
to the seasonal variations, indicating that seasonality is annually less stable in ER rates compared 
with GPP rates in river ecosystems. In addition, I found that environmental factors affecting GPP 
rates and ER rates varied, and the seasonal variabilities of these rates were larger for rivers located 
in the north. Below, I discuss each of these findings in detail.  
 
Seasonal variations of river metabolic rates 
 
Since a number of studies have measured seasonal GPP and ER rates in rivers, I summarized 
these data from river sites located at similar latitudinal range to the present study (i.e. 33.43°N to 
43.70°N) (Table 12). These studies showed that GPP ranged from 0.003 to 8.32 g C m-2 d-1 and 
ER from 0.008 to 12.56 g C m-2 d-1. In spring and autumn, ER rates in this study were higher than 
in previous studies in the same latitudinal range. In summer, ER rates in this study was also higher 
than those in previous studies except for the rates estimated in Iwata et al. (2007) and Chen (2013). 
One of the reasons for high ER rate in this study may be due to the land use and landcover around 
the river stations. Rivers in this study are located around the middle reaches, surrounded by 
agricultural, urban and residential areas, whereas most of the previous studies summarized in Table 
12 measured the river metabolic rates in watersheds without agricultural and urbanization areas. 
Supporting to this inference, the rivers examined in Iwata et al. (2007) and Chen (2013), where 
ER rates were comparable to this study, flowed across agricultural and urban areas. Iwata et al. 
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(2007) reported that in Fuji River, high ER rates occurred where organic matter was discharged 
from the surrounding agriculture and urban areas.  
Differed to ER, the GPP rates estimated in spring, summer and autumn in this study were 
well within the range estimated previously in each of respective seasons despite watershed of this 
study contained agricultural and urban areas. This concordance in the range of GPP rates suggests 
that GPP is less affected by land cover and land use in the watershed compared with ER rate. Note 
that the GPP rates in winter were somewhat higher in this study than in previous studies. However, 
since only two other studies examined the river metabolic rates in winter in the same latitudinal 
range, it was not clear if the present results were unique or not.  
Although ER rate was higher than GPP rate in most rivers examined in this study, these rates 
correlated well with each other especially in summer and winter. Similarly, Roley et al. (2014) 
showed that GPP and ER rates were strongly correlated in open-canopy rivers, particularly during 
the periods of baseflow when algal biomass accumulates in the river bed. However, such tight 
relationship between these rates was not detected in autumn and spring in this study. In autumn, 
ER is generally high in many rivers (Webster et al. 1999; Acuña et al. 2004; Roberts et al. 2007) 
and are attributed to large pulses of organic matter inputs associated with leaf litter (Acuña et al. 
2004; Rosi-Marshall et al. 2007; Griffiths et al. 2012). For a forested river in Hokkaido, Japan, 
leaf litter during autumn represented 58% of the annual inputs (Kochi et al. 2004). Although the 
river stations in this study were not surrounded by riparian forests, the high ER rates in autumn 
may have been caused by discharge of organic matter originated from fallen leaves and twigs that 
occurred at upstream. In spring, however, high ER rate relative to GPP rate cannot be explained 
simply by an increased discharge of organic matter due to fallen leaves. One possibility for the 
high ER rate in spring is the increase in organic matter through snowmelt in the watershed. In the 
north Japan, watersheds of rivers are covered by snow in winter (Yoshimura et al. 2005). Spring 
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freshet is known to deliver high amount of dissolved organic material and suspended particles to 
rivers (Dittmar and Kattner 2003; Finlay et al. 2006; Cai et al. 2008). Thus, if ER rate was 
stimulated by spring freshet, it should increase toward north since period and amount of snow 
cover in the watershed increases toward north. Supporting to this inference, ER rate increased 
toward north in spring. Note that at Kamiiwakibashi (Iwaki River) located in the north area, ER 
rate was the highest in spring although temperature was < 10 ºC. Similar to the present result, 
Edwards and Meyer (1987) reported that ER rate during spring was stimulated by large inputs of 
dissolved organic matter despite the lower water temperature. Huryn et al. (2014) showed that ER 
rate changed largely even if water temperature was stable. Together with these studies, the present 
result indicate that the river ER rate is not necessarily regulated by water temperature.  
This study showed that, seasonality explained 80.13% of variability in GPP rate, implying 
that the seasonality of GPP rate is greater than annual variation and thus that the river GPP rate 
remains stable annually. Stable rates of annual GPP has also been shown by Uehlinger (2006) who 
studied temporal variation in ecosystem metabolism of a river in Switzerland for 15 years. In his 
study, approximately 50% of the variation of GPP was attributed to season. Hill and Dimick (2002) 
and Huryn et al. (2014) speculated that in rivers with open canopy are subject to periodical 
differences in the light and temperature along the seasons and likely show seasonality in the GPP 
rate. This study supports their speculation. In the ER rate, annual difference contributed to 26% of 
the total variation, which was substantially larger than contribution of annual variability to the 
total variation of GPP rate (5%: Fig. 11). The high annual variability of ER rate implies that even 
in the same season, ER rate varied depending on years. Acuna et al. (2004) and Beaulieu et al. 
(2013) showed that ER rates in rivers varied largely among years with and without heavy rains 
such as those causing flood. Since meteorological conditions somewhat change depending on 
years, and since discharge rate of organic matter likely changes depending on meteorological 
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conditions, ER rate may have changed annually even in the same seasons in the river stations of 
this study.  
 
Factors affecting GPP and ER rates 
The analysis in this study showed that GPP rate was significantly affected by temperature as 
in previous studies (Naiman et al. 1987; Beaulieu et al. 2013). However, previous studies have not 
considered nonlinear relationship between temperature and river metabolic rates, although some 
studies pointed out that non-linear response to temperature is usual in river organisms (e.g. 
Markarian (1980)). In this study, therefore, we included quadratic term of temperature in GLMM 
analysis. The results showed that the GPP rate did not respond linearly to temperature, but initially 
decreased with temperature and then turned to increase above 15°C. Indeed, according to the 
scatterplot between temperature and GPP rate (Fig 8), there were river stations that showed high 
GPP rates even in winter. For example, in Kamiiwakibashi (Iwaki River) the highest GPP rate, 
5.48 g C m-2 d-1, was found in winter where the daily mean water temperature was 3.67 °C. Huryn 
et al. (2014) suggested that GPP rate is affected by PAR when temperatures was below ~5 °C. In 
this study, although PAR affected positively on GPP rate, it was generally higher in summer than 
in winter since the river stations in this study were placed at open canopy area. Thus, relatively 
high GPP rate in winter cannot be explained by at least PAR alone. The other possibility for high 
GPP rate in winter is the accumulation of benthic algal biomass in the river bed. It is well known 
that most of the algae are easily scraped by high flows (Power and Stewart 1987; Robinson and 
Rushforth 1987) or rolling stones (McAuliffe 1983). However, river flow is generally stable and 
thus little disturbance occurs in winter. Therefore, it is likely that benthic algae are accumulated 
in river bed. Accordingly, the GPP rate may have been high even in winter in some river stations.  
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Other than temperature and PAR, changes in the GPP rate were related with precipitation. 
The best GLMM model showed that effect of precipitation on GPP rate was negative at lower level 
but turned to positive when precipitation was > 30 mm. The decrease in GPP rate with increasing 
precipitation is reasonable since increase in discharge rate by rainfall likely enhances turbidity, 
which results in limiting light availability to algae (Rovelli et al. 2017) and thus suppressing the 
GPP rate (Lamberti and Steinman 1997; Roberts et al. 2007). Further increase in precipitation may 
wash away algae. Nonetheless, the present analysis suggests that the GPP increases with increasing 
precipitation above 30 mm. In this study, however, range of precipitation was < 30 mm above 
which the GPP increased with precipitation as shown in scatter plots of these variables (Fig. 10). 
Thus, it is not clear if GPP rate indeed increased with increasing precipitation when precipitation 
was above 30 mm. Rather, inclusion of quadratic term of precipitation in the best model for GPP 
may have reflected that slight increase in precipitation dramatically decreases GPP rate.  
Temperature is known to exert a fundamental control on ER rate in river ecosystems 
(Sinsabaugh et al. 1997; Uehlinger 2006; Demars et al. 2011a; Song et al. 2018). Sinsabaugh et al. 
(1997) analyzed 22 rivers in various biomes and found that river ER rate was directly proportional 
to the water temperature. In accordance with the previous studies and opposite to the GPP rate, 
ER rate linearly increased with temperature in this study. Thus, response of temperature differed 
between the GPP and ER rates. In addition to temperature, the ER rates in this study were 
positively well related with GPP rates especially in summer and in winter. The results imply that 
autochthonous organic matter occupy substantial parts of materials respired and thus sustain 
heterotrophic production in river ecosystems in these seasons. As mentioned earlier, however, 
allochthonous organic matter such as those originated from leaf litter and snowmelt also seem to 
be important especially in autumn and spring. In addition to these factors, precipitation was also 
identified as a driver affecting negatively on ER rate as in GPP rate. On the one hand, precipitation 
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increases river flow rate and likely brings organic matter (Heikkinen 1994; Solomon et al. 2015). 
On the other hand, increased river flow decreases activities of heterotrophic organisms by scouring 
their biomass or by accumulating sediments on these organisms (Biggs and Close 1989). The 
present result indicates that negative effects by latter processes overrode the positive effects by the 
former process. 
 
Variation of seasonality in river metabolic rates along the latitude 
I found that there is a distinct seasonal variation of river metabolic rates in all the 16 river 
stations spanning Japanese Island. To quantify the magnitude of seasonal variations, I estimated 
coefficient of variation of river metabolic rates among seasons in each river. Then, I found that the 
CV of GPP rate increase toward north, indicating that seasonal variability of this rate was greater 
for river stations at higher latitude. Among environmental variables, light, temperature and 
precipitation have been focused as the major drivers for seasonal variations of GPP and ER rate in 
rivers especially at mid and high latitudes, and account for much of the temporal variabilities of 
these rates (Kelly et al. 1983; Servais et al. 1984; Uehlinger 1993). However, few studies have 
examined how these major drivers affect magnitude of seasonality in the river metabolic rates. In 
this study, CV of temperature also increased toward north. This trend occurred because the 
seasonal period with high water temperature was shorter for north river stations although 
difference in temperature between summer and winter was the same level along the latitude. 
However, CV of GPP rate was not significantly related with CV of temperature. The results 
indicate that magnitude of seasonal variations in GPP rate cannot be explained by temporal 
variability of temperature. In this study, I found that PAR affected seasonal variation on the GPP 
rate in GLMM considering latitude as a random factor. However, SEM model showed no 
significant effects of CV of PAR on CV of GPP. Again, the result indicates that larger seasonal 
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variability of the GPP rate in the northern stations cannot be explained by seasonal variability of 
PAR. 
In this study, the GPP rate increased significantly towards the north especially in summer 
although it was higher in stations located at lower latitude in spring (Fig 12). The result implies 
that the large seasonal variability of GPP in north river stations were caused mainly by high GPP 
rates in summer. In previous study, Gurung et al. (2019) showed that river GPP rate measured in 
summer was higher for rivers in north not only within Japan Islands but also global scale. They 
argued that such a latitudinal trend in river GPP likely caused mainly by latitudinal difference in 
the land covers and land uses in the watersheds but not by temperature and PAR since it is likely 
that discharge rate of nutrients and organic matter change depending on environmental conditions 
in the watershed. If this is the case, the latitudinal trend in the magnitude of seasonal variability of 
the GPP along latitude was also caused by that in land cover and land use. Note that, in SEM 
model, only 30% of variation in the CV of GPP was explained by latitude. The result suggests that 
the magnitude of seasonal variability in GPP is determined by local environmental conditions 
independent of the latitudinal environmental trend. To clarify these possibilities, we need to 
consider both local and latitudinal environmental conditions including vegetation types and 
anthropogenic activities in the watershed in future study.  
Contrasting to GPP rate, the CV of ER rate was significantly related with CV of temperature. 
In addition, the CV of ER rate was also related with CV of GPP rate. These relationships indicate 
that temperature and GPP play pivotal roles in determining magnitude of seasonal variability in 
ER rate. Other than these variables, SEM model showed that latitude have direct effects on the ER 
rate. Thus, as in the GPP rate, the magnitude of seasonal variability in the ER rate may be affected 
by a latitudinally related land cover and land use. Finally, according to the SEM model, I found 
that latitude explained 70 % of variation in the CV of ER directly and indirectly via GPP and 
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temperature. The result implies that magnitude of seasonal variability in the ER rate is regulated 
by latitude in large extent compared with those in the GPP rate.
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Fig. 1. Map of Japan showing locations of 16 river stations examined in this study.   
 







Fig. 2. Diurnal patterns of dissolved oxygen concentration (DO) at (a) Kanegasakihashi (Kitakami 
River), (latitude: 39.1966°N ) from 2nd – 4th May, 6th – 9th August, 10th – 13th November, 1st – 4th 
February 2015, (b) Ginbashi (Ina River), (latitude: 34.8549°N) from 9th – 12th May, 1st – 4th August, 
6th – 9th November, 6th – 9th February of 2014 and (c) Kurumeohashi (Chikuko River) (latitude: 
33.3276°N) from 1st – 4th May, 25th – 28th August, 20th – 23rd November and 16th – 19th February 
2014. 
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Fig. 3. Water temperature (a, d, g and j), photosynthetic activation radiation (PAR) (b, e, h and k) 
and precipitation (c, f, i and l) plotted against latitude in spring (green), summer (red), autumn 
(orange) and winter (blue). Correlation coefficient (r) and significant probability (p) of the 
regression lines are shown in each panel.  
 




Fig. 4. Coefficient of variations of (a) water temperature, (b) photosynthetically active radiation and (c) precipitation among seasons plotted against 
latitude. Correlation coefficient (r) and significant probability (p) of the regression lines are shown in each panel.  
 
 










Fig 5. Frequency distributions of (a) gross primary production (GPP) rate, (b) ecosystem 
respiration (ER) rate, (c) net ecosystem production (NEP) rate, (d) photosynthetically active 
radiation (PAR), (e) water temperature, (f) precipitation and (g) reaeration rate at all the 16 river 
stations from 2010 – 2016. 
 






Fig 6. A boxplot showing median and the 1st and 3rd quantile values of daily precipitation with 











Fig 7. Seasonal variations of (a) gross primary production (GPP) rate, (b) ecosystem respiration 
(ER) rate and (c) net ecosystem production (NEP) rate along the latitude in spring (green), summer 
(red), autumn (orange) and winter (blue). 
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Fig 8. (a) Gross primary production (GPP), (b) ecosystem respiration (ER) and (c) net ecosystem production (NEP) rates plotted against water 
temperature in spring (green), summer (red), autumn (orange) and winter (blue).  
 
 




Fig 9. (a) Gross primary production (GPP), (b) ecosystem respiration (ER) and (c) net ecosystem production (NEP) rates plotted against 
photosynthetically active radiation (PAR) in spring (green), summer (red), autumn (orange) and winter (blue).  
 
 




Fig 10. (a) Gross primary production (GPP), (b) ecosystem respiration (ER) and (c) net ecosystem production (NEP) rates plotted against precipitation 
(PPT) in spring (green), summer (red), autumn (orange) and winter (blue). 
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Fig 11. Variance components in percentages for annual (black), seasonal (red) and daily 
(grey) changes in (a) gross primary production (GPP) rate, (b) ecosystem respiration (ER) 
rate and (c) net ecosystem production (NEP) rate for 16 river stations. The bars are placed 
from stations located at north (right) to south (left).  
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Fig 12. Gross primary production (GPP) rate (a, d, g, and j), ecosystem respiration (ER) rate (b, e, 
h and k) and net ecosystem production (NEP) rate (c, f, i and l) plotted against latitude in spring 
(green), summer (red), autumn (orange) and winter (blue). Correlation coefficient (r) and 
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Fig 13. Relationship between gross primary production (GPP) rate and ecosystem respiration 
(ER) rate in 16 river stations in (a) spring (green), (b) summer (red), (c) autumn (orange) and (d) 
winter (blue).  
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Fig 14. Coefficient of variations (CV) among seasons for (a) gross primary production (GPP) rate, 
(b) ecosystem respiration (ER) rate and (c) net ecosystem production (NEP) rate plotted against 
latitude. Correlation coefficient (r) and significant probability (p) of the regression lines are shown 
in each panel.  
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Fig. 15. Results of the structural equation model (SEM), showing direct and the indirect effects of 
latitude, CVs of temperature and photosynthetically active radiation (PAR) on CVs of gross 
primary production (GPP) rates and ecosystem respiration (ER) rates in the rivers of Japan. 
Strengths of effects are denoted by path coefficients (i.e. regression coefficients). Blue line 
indicates significantly positive paths (p < 0.05) and dashed lines indicate paths that were not 
significant in the model. The amount of variation in coefficient of variations GPP and ER rates 
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Table 2. Number of days where river metabolic rates was estimated for spring (Sp), summer (Su), autumn (Au) and winter (Wi) in 2010 to 2016 at 16 river 






































ID River 2010 2011 2012 2013 2014 2015 2016 
  Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi Sp Su Au Wi 
1 Tokachi 4 4 4  4   4                     
2 Chitose 4   4                         
3 Iwaki I 4 4 4  4 4 4 4 4 4 4 4  4 4 4 4 4 4 4 4   4     
4 Iwaki II     4 4 4 4 4 4   4    4 4   4 4 4 4 4 4 4 4 
5 Kitakami I    4 4 4 4  4 4 4  4   4  4  4 4 4  4  4 4  
6 Kitakami II     4 4 4 4 4 4 4 4 4 4 4   4 4   4 4  4 4 4  
7 Mogami     4 4 4  4    4  4     4   4 4 4 4   4 
8 Kuji  4  4 4 4 4 4  4 4 4 4 4 4 4  4 4  4 4   4 4   
9 Shonai 4 4 4 4 4 4  4     4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
10 Yahagi 4 4 4     4 4 4    4 4  4 4 4  4 4 4 4 4 4 4 4 
11 Ina I 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 4 4  
12 Yodo 4 4 4  4 4  4 4 4 4  4 4 4  4 4 4  4 4 4  4 4 4 4 
13 Toyo 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4  4 4 4  4 
14 Ina II 4  4 4 4 4 4 4 4 4 4  4 4 4  4 4  4 4 4 4 4 4 4 4 4 
15 Kako 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
16 Chikuko 4 4 4 4 4 4 4 4 4    4 4 4 4  4  4 4  4  4 4 4 4 
  88 
Table 3. Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on temperature in all the rivers except 
station 2.  
 
ID Two-Way Nested ANOVA for 
temperature 
Df Sum Sq Mean Sq F value Pr (>F) 
1 Year 1 67.6 67.61 270.2 <0.001 
 Year : Season 3 317.4 105.80 422.9 <0.001 
 Residuals 15 3.8 0.25   
       
3 Year 5 249 49.89 196.5 <0.001 
 Year : Season 14 3784 270.27 1064.3 <0.001 
 Residuals 60 15 0.25   
       
4 Year 5 434 86.8 208.3 <0.001 
 Year : Season 11 4016 365.1 876.5 <0.001 
 Residuals 51 21 0.4   
       
5 Year 6 1184 197.3 1133 <0.001 
 Year : Season 9 3408 378.7 2176 <0.001 
 Residuals 48 8 0.2   
       
6 Year 5 318 63.6 197.7 <0.001 
 Year : Season 12 4255 354.6 1102.2 <0.001 
 Residuals 54 17 0.3   
       
7 Year 6 1259 209.8 752.6 <0.001 
 Year : Season 5 2352 470.4 1687.5 <0.001 
 Residuals 36 10 0.3   
       
8 Year 6 1005 167.5 252.3 <0.001 
 Year : Season 12 4866 405.5 610.9 <0.001 
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 Residuals 57 38 0.7   
       
9 Year 5 57 11.47 18.16 <0.001 
 Year : Season 16 4603 287.70 455.53 <0.001 
 Residuals 66 42 0.63   
       
10 Year 6 960 160.05 634.4 <0.001 
 Year : Season 12 3245 270.43 1072.0 <0.001 
 Residuals 57 14 0.25   
       
11 Year 6 331 55.10 142.6 <0.001 
 Year : Season 19 5544 291.78 755.3 <0.001 
 Residuals 78 30 0.39   
       
12 Year 6 311 51.77 162.5 <0.001 
 Year : Season 15 4080 272.00 853.6 <0.001 
 Residuals 66 21 0.32   
       
13 Year 6 71 11.88 32.63 <0.001 
 Year : Season 18 5183 287.97 790.75 <0.001 
 Residuals 75 27 0.36   
       
14 Year 6 308 51.40 84.95 <0.001 
 Year : Season 18 4074 226.34 374.06 <0.001 
 Residuals 75 45 0.61   
       
15 Year 6 78 13.0 26.08 <0.001 
 Year : Season 21 7329 349.0 699.41 <0.001 
 Residuals 84 42 0.5   
       
16 Year 6 82 13.62 54.25 <0.001 
 Year : Season 14 3871 276.53 1101.70 <0.001 
 Residuals 63 16 0.25   
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Table 4. Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on PAR in all the rivers except station 
2.  
ID Two-Way Nested ANOVA for PAR Df Sum Sq Mean Sq F value Pr(>F) 
1 Year 1 30971 30971 0.786 0.3893 
 Year : Season 3 406483 135494 3.438 0.0441 
 Residuals 15 591085 39406   
       
3 Year 5 683397 136679 6.042 <0.001 
 Year : Season 14 2893659 206690 9.137 <0.001 
 Residuals 60 1357220 22620   
       
4 Year 5 273316 54663 1.303 0.277 
 Year : Season 11 3249898 295445 7.045 <0.001 
 Residuals 51 2138815 41938   
       
5 Year 6 377232 62872 1.802 0.118 
 Year : Season 9 1470232 163359 4.684 <0.001 
 Residuals 48 1674182 34879   
       
6 Year 5 55436 11087 0.305 0.908 
 Year : Season 12 4554823 379569 10.446 <0.001 
 Residuals 54 1962065 36335   
       
7 Year 6 1635489 272582 9.198 <0.001 
 Year : Season 5 966928 193386 6.525 <0.001 
 Residuals 36 1066888 29636   
       
8 Year 6 1419298 236550 7.053 <0.001 
 Year : Season 12 3101322 258444 7.706 <0.001 
 Residuals 57 1911666 33538   
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9 Year 5 349899 69980 1.061 0.389 
 Year : Season 16 3485068 217817 3.303 <0.001 
 Residuals 66 4351778 65936   
       
10 Year 6 436096 72683 1.791 0.117 
 Year : Season 12 2345568 195464 4.815 <0.001 
 Residuals 57 2313826 40593   
       
11 Year 6 658094 109682 1.701 0.132 
 Year : Season 19 4698464 247288 3.834 <0.001 
 Residuals 78 5030778 64497   
       
12 Year 6 398174 66362 1.05 0.4012 
 Year : Season 15 3401536 226769 3.59 <0.001 
 Residuals 66 4169541 63175   
       
13 Year 6 792193 132032 3.195 0.007 
 Year : Season 18 3299785 183321 4.437 <0.001 
 Residuals 75 3098973 41320   
       
14 Year 6 927723 154620 2.970 0.0117 
 Year : Season 18 5539156 307731 5.912 <0.001 
 Residuals 75 3903990 52053   
       
15 Year 6 277337 46223 1.003 0.429 
 Year : Season 21 6426712 306034 6.639 <0.001 
 Residuals 84 3872376 46100   
       
16 Year 6 444890 74148 1.530 0.183 
 Year : Season 14 2637059 188361 3.887 <0.001 
 Residuals 63 3052781 48457   
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Table 5. Correlation coefficient among gross primary production rate (GPP), 
ecosystem respiration rate (ER), net ecosystem production rate (NEP), temperature 
(Temp), photosynthetically active radiation (PAR) and precipitation (PPT).  
 
 




Latitude GPP ER NEP Temp PAR PPT 
Latitude 1       
GPP 0.13*** 1      
ER 0.31*** 0.42*** 1     
NEP -0.25*** 0.21*** -0.80*** 1    
Temp -0.32*** 0.38*** 0.06 0.19*** 1   
PAR -0.13*** 0.23*** -0.06 0.21*** 0.44*** 1  
PPT -0.01 -0.17*** -0.06 -0.05 0.02 -0.01 1 
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Table 6: Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on precipitation in all the rivers 
except station 2.   
 
ID Two-Way Nested ANOVA for precipitation Df Sum Sq Mean Sq F value Pr(>F) 
1 Year 1 0.49 0.49 138.63 <0.001 
 Year : Season 3 1.00 0.33 93.11 <0.001 
 Residuals 15 0.05 0.003   
       
3 Year 5 2.47 0.49 40.18 <0.001 
 Year : Season 14 5.12 0.36 29.66 <0.001 
 Residuals 60 0.74 0.01   
       
4 Year 5 0.61 0.12 6.12 <0.001 
 Year : Season 11 3.01 0.27 13.67 <0.001 
 Residuals 51 1.02 0.02   
       
5 Year 6 1.12 0.18 5.35 <0.001 
 Year : Season 9 1.94 0.21 6.18 <0.001 
 Residuals 48 1.68 0.03   
       
6 Year 5 1.47 0.29 28.10 <0.001 
 Year : Season 12 3.31 0.27 26.31 <0.001 
 Residuals 54 0.56 0.01   
       
7 Year 6 1.96 0.32 31.81 <0.001 
 Year : Season 5 0.96 0.19 18.70 <0.001 
 Residuals 36 0.36 0.01   
       
8 Year 6 1.75 1.29 15.01 <0.001 
 Year : Season 12 3.88 0.32 16.61 <0.001 
 Residuals 57 1.11 0.01   
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9 Year 5 0.59 0.11 4.58 0.001 
 Year : Season 16 11.18 0.69 27.08 <0.001 
 Residuals 66 1.70 0.02   
       
10 Year 6 3.71 0.61 53.25 <0.001 
 Year : Season 12 5.62 0.46 10.36 <0.001 
 Residuals 57 0.66 0.01   
       
11 Year 6 0.52 0.08 2.43 0.033 
 Year : Season 19 4.22 0.22 6.15 <0.001 
 Residuals 78 2.81 0.03   
       
12 Year 6 1.54 0.25 8.96 <0.001 
 Year : Season 15 1.64 0.10 3.83 <0.001 
 Residuals 66 1.89 0.02   
       
13 Year 6 1.84 0.37 8.069 <0.001 
 Year : Season 18 7.28 0.40 10.627 <0.001 
 Residuals 75 2.85 0.03   
       
14 Year 6 1.54 0.25 19.49 <0.001 
 Year : Season 18 5.53 0.30 23.28 <0.001 
 Residuals 75 0.99 0.01   
       
15 Year 6 1.24 0.20 6.35 <0.001 
 Year : Season 21 7.76 0.36 11.35 <0.001 
 Residuals 84 2.73 0.03   
       
16 Year 6 4.30 0.71 29.21 <0.001 
 Year : Season 14 4.20 0.30 12.23 <0.001 
 Residuals 63 1.54 0.02   
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Table 7.  Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on GPP in all the rivers except station 
2.  
 
ID Two-Way Nested ANOVA for GPP Df Sum Sq Mean Sq F value Pr(>F) 
1 Year 1 0.146 0.146 33.55 <0.001 
 Year : Season 3 0.318 0.106 24.39 <0.001 
 Residuals 15 0.065 0.004   
       
3 Year 5 1.031 0.206 30.84 <0.001 
 Year : Season 14 4.732 0.338 50.54 <0.001 
 Residuals 60     
       
4 Year 5 2.493 0.498 25.29 <0.001 
 Year : Season 11 7.749 0.704 35.73 <0.001 
 Residuals 51 1.006 0.019   
       
5 Year 6 0.317 0.052 13.39 <0.001 
 Year : Season 9 2.949 0.327 82.91 <0.001 
 Residuals 48 0.189 0.004   
       
6 Year 5 1.006 0.213 20.1 <0.001 
 Year : Season 12 3.500 0.291 27.5 <0.001 
 Residuals 54 0.573 0.010   
       
7 Year 6 0.722 0.120 13.25 <0.001 
 Year : Season 5 0.592 0.118 13.03 <0.001 
 Residuals 36 0.327 0.009   
       
8 Year 6 0.749 0.124 32.54 <0.001 
 Year : Season 12 0.723 0.060 15.72 <0.001 
 Residuals 57 0.218 0.003   
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9 Year 5 0.538 0.107 10.49 <0.001 
 Year : Season 16 4.452 0.278 27.11 <0.001 
 Residuals 66 0.677 0.010   
       
10 Year 6 0.489 0.081 9.149 <0.001 
 Year : Season 12 1.640 0.136 15.326 <0.001 
 Residuals 57 0.508 0.008   
       
11 Year 6 0.611 0.101 6.919 <0.001 
 Year : Season 19 2.712 0.142 9.695 <0.001 
 Residuals 78 1.148 0.014   
       
12 Year 6 0.218 0.036 8.339 <0.001 
 Year : Season 15 1.456 0.097 22.191 <0.001 
 Residuals 66 0.288 0.004   
       
13 Year 6 1.215 0.202 65.95 <0.001 
 Year : Season 18 1.150 0.063 20.81 <0.001 
 Residuals 75 0.230 0.003   
       
14 Year 6 1.180 0.196 23.57 <0.001 
 Year : Season 18 2.803 0.155 18.66 <0.001 
 Residuals 75 0.626 0.008   
       
15 Year 6 0.391 0.065 15.37 <0.001 
 Year : Season 21 3.487 0.166 39.17 <0.001 
 Residuals 84 0.356 0.004   
       
16 Year 6 1.189 0.198 25.64 <0.001 
 Year : Season 14 4.292 0.306 39.67 <0.001 
 Residuals 63 0.487 0.007   
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Table 8: Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on ER in all the rivers except station 2 
(ID = 2).  
 
ID Two-Way Nested ANOVA for ER Df Sum Sq Mean Sq F value Pr(>F) 
1 Year 1 1.515 1.515 66.4 <0.001 
 Year : Season 3 1.202 0.401 17.6 <0.001 
 Residuals 15 0.342 0.022   
       
3 Year 5 3.563 0.712 16.69 <0.001 
 Year : Season 14 3.981 0.284 6.66 <0.001 
 Residuals 60 2.562 0.042   
       
4 Year 5 6.394 1.278 57.43 <0.001 
 Year : Season 11 6.160 0.560 25.15 <0.001 
 Residuals 51 1.136 0.022   
       
5 Year 6 3.460 0.576 99.76 <0.001 
 Year : Season 9 2.114 0.234 40.64 <0.001 
 Residuals 48 0.277 0.005   
       
6 Year 5 2.992 0.598 95.56 <0.001 
 Year : Season 12 2.238 0.186 29.79 <0.001 
 Residuals 54 0.338 0.006   
       
7 Year 6 1.481 0.246 17.37 <0.001 
 Year : Season 5 0.733 0.146 10.32 <0.001 
 Residuals 36 0.511 0.014   
       
8 Year 6 0.723 0.120 16.873 <0.001 
 Year : Season 12 0.649 0.054 7.574 <0.001 
 Residuals 57 0.407 0.007   
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9 Year 5 0.599 0.119 9.911 <0.001 
 Year : Season 16 1.504 0.094 7.774 <0.001 
 Residuals 66 0.798 0.012   
       
10 Year 6 2.371 0.395 35.09 <0.001 
 Year : Season 12 2.068 0.172 15.30 <0.001 
 Residuals 57 0.642 0.011   
       
11 Year 6 0.176 0.029 4.438 <0.001 
 Year : Season 19 0.920 0.048 7.301 <0.001 
 Residuals 78 0.517 0.006   
       
12 Year 6 0.909 0.151 20.521 <0.001 
 Year : Season 15 0.991 0.066 8.949 <0.001 
 Residuals 66 0.487 0.007   
       
13 Year 6 1.017 0.169 62.11 <0.001 
 Year : Season 18 0.827 0.045 16.74 <0.001 
 Residuals 75 0.204 0.002   
       
14 Year 6 1.971 0.328 40.913 <0.001 
 Year : Season 18 0.842 0.046 5.829 <0.001 
 Residuals 75 0.602 0.008   
       
15 Year 6 0.475 0.079 7.328 <0.001 
 Year : Season 21 2.523 0.120 11.120 <0.001 
 Residuals 84 0.907 0.010   
       
16 Year 6 2.117 0.352 20.92 <0.001 
 Year : Season 14 2.464 0.176 10.43 <0.001 
 Residuals 63 1.063 0.016   
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Table 9. Results of two-way nested ANOVA for examining the effects of year and seasons nested within year on NEP in all the rivers except site 2 
(ID = 2).  
 
ID Two-Way Nested ANOVA for NEP Df Sum Sq Mean Sq F value Pr(>F) 
1 Year 1 127.1 127.12 12.40 0.003 
 Year : Season 3 142.7 47.56 4.64 0.01 
 Residuals 15 153.7 10.25   
       
3 Year 5 1825 365 15.44 <0.001 
 Year : Season 14 4667 333.3 14.10 <0.001 
 Residuals 60 1419 23.6   
       
4 Year 5 989 197.9 13.82 <0.001 
 Year : Season 11 4266 387.8 27.09 <0.001 
 Residuals 51 730 14.3   
       
5 Year 6 1071.8 178.63 60.18 <0.001 
 Year : Season 9 519.5 57.72 19.45 <0.001 
 Residuals 48 142.5 2.97   
       
6 Year 5 1206.2 241.23 51.46 <0.001 
 Year : Season 12 932.5 77.71 16.58 <0.001 
 Residuals 54     
       
7 Year 6 155.20 25.87 11.42 <0.001 
 Year : Season 5 167.25 33.45 14.72 <0.001 
 Residuals 36 81.56 2.27   
       
8 Year 6 179.49 29.91 32.21 <0.001 
 Year : Season 12 95.45 7.95 8.56 <0.001 
 Residuals 57 52.94 0.92   
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9 Year 5 42.78 8.55 2.36 0.04 
 Year : Season 16 284.1 17.75 4.91 <0.001 
 Residuals 66 238.7 3.61   
       
10 Year 6 326.5 54.42 24.70 <0.001 
 Year : Season 12 392.9 32.74 14.86 <0.001 
 Residuals 57 125.6 2.20   
       
11 Year 6 141.5 23.58 26.73 <0.001 
 Year : Season 19 412.4 21.70 24.60 <0.001 
 Residuals 78 68.8 0.88   
       
12 Year 6 89.98 14.99 9.78 <0.001 
 Year : Season 15 107.14 7.14 4.65 <0.001 
 Residuals 66 101.16 1.53   
       
13 Year 6 1.53 0.25 7.68 <0.001 
 Year : Season 18 9.03 0.50 15.06 <0.001 
 Residuals 75 2.49 0.03   
       
14 Year 6 134.3 22.38 10.76 <0.001 
 Year : Season 18 318.8 17.71 8.51 <0.001 
 Residuals 75 156.1 2.08   
       
15 Year 6 11.51 1.91 1.74 <0.001 
 Year : Season 21 57.07 2.71 2.47 <0.001 
 Residuals 84 92.20 1.09   
       
16 Year 6 158.9 26.48 16.31 <0.001 
 Year : Season 14 218.5 15.60 9.61 <0.001 
 Residuals 63 102.2 1.62   
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Table 10. The best models of the generalized linear mixed model for the GPP rate and ER rate. 
The full model for GPP and ER rates included linear and quadratic terms of temperature, 
photosynthetically active radiation (PAR) and precipitation as explanatory variables and latitude 




GPP     
Random Effects     
 Name Variance Std. Dev.  
Latitude (Intercept) 0.37 0.61  
Residual  0.74 0.86  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) 0.77 0.19 4.05 <0.005 
Temp -0.03 0.01 -2.17 0.02 
I(Temp^2) 0.002 0.0003 6.71 <0.005 
PAR 0.0003 0.00009 3.27 <0.005 
PPT -0.09 0.01 -4.88 <0.005 
I(PPT^2) 0.003 0.001 2.20 0.02 
     
Conditional R2 49.80%    
Marginal R2     24.51%    
AIC 2655.17    
ER     
Random Effects     
 Name Variance Std. Dev.  
Latitude (Intercept) 0.51 0.71  
Residual  2.47 1.57  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) 0.82 0.26 3.11 <0.005 
GPP 0.57 0.05 11.23 <0.005 
Temp 0.06 0.02 2.52 0.05 
PPT -0.001 0.0007 -2.73 <0.005 
     
Conditional R2 27.32%    
Marginal R2 12.36%    
AIC 2622.66    
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Table 11. The best models for CVs of gross primary production (GPP) and ecosystem respiration (ER) with latitude, CVs of temperature 













*** p < 0.001; ** p <0.01; * p < 0.05 
 
GPP     
 Estimate Std. Error t value Pr(>|t|) 
(Intercept) -0.350 0.36 -0.95 0.36 
Latitude 0.026 0.01 2.64 0.02* 
CV_PAR -0.675 0.49 -1.36 0.19 
ER     
 Estimate Std.Error t value Pr(>|t|) 
(Intercept) -0.16 0.30 -0.52 0.61 
CV_GPP 0.44 0.18 2.37 0.03* 
CV_Temp 0.28 0.20 1.36 0.05* 
Latitude 0.01 0.01 0.80 0.06 
CV_PAR -0.69 0.33 -2.04 0.20 
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Spring Summer Autumn Winter 
GPP ER GPP ER GPP ER GPP ER 
This study 33.33 – 42.93  0.02 – 3.32 0.02 – 16.03 0.01 – 9.30  0.11 – 9.59 0.03 – 5.76 0.01 – 16.62 0.06 – 5.48 0.10 – 6.90 
Bernot et al. (2010) 33.43 – 42.77 0.03 – 4.46 0.33 – 8.66 0.01 – 3.3 0.48 – 6.71     
Bott et al. (2006) 39.68 – 39.93 0.62 – 1.55 0.75 – 2.19 0.008 – 1.98 0.66 – 3.12 0.37 – 1.10 0.86 – 2.01 0.02 – 0.56 0.50 – 5.04 
Chen (2013) 43.05 – 43.70    0.18 – 6.75 0.18 – 11.28 0.73 – 3.46 1.04 – 6.81   
Duffer and Dorris. (1966) 33.99   1.12 – 8.01 2.80 – 4.11     
Fellows et al. (2006)  35.05 – 38.19   0.01 – 0.52 0.29 – 1.42     
Flemer et al. (1970) 40.55     3.71 – 4.35  2.73 – 3.67    
Houser et al. (2005) 33.41 0.003 – 0.65 0.3 – 4.01 0.003 – 0.10 0.07 – 1.95 0.003 – 0.16 0.03 –1.23 0.003 – 0.34 0.48 – 6.11 
Iwata et al. (2007) 35.66   0.43 – 8.32 1.55 – 12.56     
Schiller et al. (2008) 41.70 – 41.89 0.004 – 0.57 0.10 – 0.90       
Song et al. (2018) 39.08 – 39.10 0.01 – 0.68 0.08 – 3.21 0.02 - 1.21 0.11 – 4.68     
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Chapter 4 
Effects of land use and land cover on a latitudinal gradient of river metabolism in 
Japan 
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Introduction 
Rivers and their associated terrestrial environment are tightly linked, since land-to-water 
transport of organic matter is an important energy and nutrient sources to riverine ecosystem (Cole 
and Caraco 2001; Hotchkiss et al. 2015). The fact suggests that human alteration of terrestrial 
landscapes by agriculture and urbanization likely affects various aspects of the river ecosystems 
such as regimes of nutrients and sediments (Malthus and Mitchell 1988; Webster and Meyer 1997; 
Brisbois et al. 2008; Frankforter et al. 2010), fauna and flora (Pusey et al. 2003; Arthington et al. 
2015; Chadwick et al. 2016) and metabolic rates (Young and Huryn 1999; McTammany et al. 
2003). To examine such possibilities, a number of studies have examined how river metabolism, 
namely – gross primary production (GPP) and ecosystem respiration (ER) respond to land use 
(Young and Huryn 1999; Bernot et al. 2010; Finlay 2011; Fu et al. 2017). For example, Bernot et 
al. (2010) compared inter-regional land use effects on river metabolism at 72 sites and found that 
the loading of allochthonous organic matter was relatively constant across sites, indicating that 
agricultural and urban land use can obscure regional differences in river metabolism. A review of 
39 previously published studies on the effect of land use on river metabolism by Silva-Junior 
(2016) showed that the general responses to land use alteration was the increase in rates of GPP 
and ER. Finlay (2011) analyzed ecosystem metabolism for over 200 rivers in various climate zones 
showed that GPP rates in rivers having intensive areas for urban and agriculture in the watershed 
was 600% higher than those without such anthropogenic land uses. These results imply that rivers 
are one of the highly modified ecosystems by humans (Poff et al. 1997; Gleick 2003; Postel and 
Richter 2003), and land use information can be used as an indicator to assess human impacts on 
riverine systems (Gergel et al. 2013).  
However, effects of land use on river ecosystems are complex and realized via multiple 
pathways through interactions with regional climate regimes, vegetations and characteristics of 
geomorphology and hydrology in the watersheds (Paul and Meyer 2009; Dodds et al. 2015). 
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Gergel et al. (2002) and Allan (2004) suggested that water chemistry in rivers are affected by types 
and location of land uses and land covers in the watershed. Sponseller and Benfield (2001) showed 
that water chemistry and community assemblages were often related with land use and land covers 
at distant upper areas in the watershed. However, Strayer et al. (2003) suggested that landcover in 
the riparian corridor or a particular area near a sampling point influenced more on GPP and ER 
rates than components located in a distant part of the watershed. Studies by Stewart and Haynes 
(1994) and Fischer and Fischenich (2000) suggested that 30 m riparian corridor can function for 
buffering artificial land uses with anthropogenic activities in the watershed. In their study of the 
relationship between land use and riverine systems, Gergel et al. (2002) and Allan (2004) 
suggested that the types of land uses, their magnitude and locations can differ their relationships 
with river water quality. These studies imply that when anthropogenic activities on a river 
ecosystem are examined at a specific site in the watershed, it is necessary to consider the land uses 
and land covers both in distant and near areas from that point. 
Relatively few studies have examined how river metabolism responds to land use across a 
wide range of spatial scales (Von Schiller et al. 2008; Bernot et al. 2010). In a previous study, I 
showed that river metabolic rates changed along a latitudinal gradient both in Japan and in global 
scale, and suggested that land use and land cover may have played a pivotal role in such patterns 
(Gurung et al. 2019). To better understand the latitudinal changes in the river metabolic rates, 
therefore, it is necessary to examine how land use and land cover changes along latitude. In this 
study, I examined land uses and land covers (i.e., areas of agriculture, forest, urban and grassland) 
in the watersheds of 23 Japanese rivers across the latitudinal gradient of 43.037°N to 32.386°N 
and analyzed how distant and near areas of these land components affected GPP and ER rates.  
  107 
Materials and Methods 
Study area 
The Japanese archipelago covers approximately 377,880 km2 of area and stretches from the 
subtropical zone in the south to the subarctic zone in the north (Iyama 1993). Rivers of Japan are 
generally short, sediment rich and display flashy flow regimes (Yoshimura et al. 2005). The 
longest river in Japan, the Shinano River is 369 km long. More than 260 rivers are at least 20 km 
long (Yanai 2008).  
According to the Ministry of Land, Infrastructure, Transport and Tourism (MLIT), land use 
and land cover in the Japanese archipelago are comprised of 66.3% of forests, 11.8% of 
agricultural fields, 3.4% of urban and residential areas, and 0.9% of grasslands. In the southwestern 
part of Japan, subtropical and warm temperate broadleaved evergreen forests are predominant 
whereas in the north, boreal coniferous, broadleaved mixed forests and alpine vegetations are 
found (Ushimaru et al. 2018). The national land use data shows that natural grasslands are 
distributed mostly along rivers and in mountainous areas of high altitude, while meadows and 
pastures are widely distributed in the eastern part of Japan, especially in Hokkaido (Matsuura et 
al. 2012). Although 66% of the country is covered by forests, a substantial area is occupied by 
urban, industrial and residential areas.   
In this study, I measured gross primary production (GPP) and ecosystem respiration (ER) 
rates at 26 river stations of 23 rivers from 43.037°N to 32.386°N (Fig. 1) based on the availability 
of data shown below.  
 
Data collection 
I focused on the metabolic rates in August since it falls before the typhoon season and after 
the early summer rainy season, and thus the weather conditions are relatively stable throughout 
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the country. In addition, the high temperatures in this month cause high biological activity, which 
likely intensifies the latitudinal gradients.  
I collected river data from the database constructed by the Water Information System (WIS: 
http://www1.river.go.jp/) developed by MLIT, except for Mimi River (ID = 26, Table 1), which was 
provided by the Central Research Institute of Electric Power Industry (CRIEPI). The WIS database 
provides water level, discharge, DO, pH, conductivity and water temperature data that have been 
measured hourly at 90 observatory river stations throughout Japan. Since these river stations were 
setup originally to monitor water flows and make a risk assessment of flood and water related 
disasters, the stations were located at the mid to downstream of the rivers and only a limited 
number of river stations had periodical measurements of DO concentrations. In addition, river 
stations were less located in the northern areas.  
In this study, I first downloaded datasets of 90 river observatory stations from the years 2010 
–2016 and determined whether continuous 24-hour time series data were available. Unfortunately, 
DO data were often temporally missing, deviated from their natural range relative to temperature 
(0–15 mg O2 /L), drifted strongly in a short period or showed temporally unchanged values, 
probably due to troubles or malfunctions with DO sensors. Since there were no remarks about 
these troubles on DO sensors in the website, I removed days when DO showed these unusual 
values. Accordingly, I used data at dates when DO concentrations showed distinct diel patterns of 
DO as mentioned in Gurung et al., (2019). Based on the availability (number of days) and 
reliability (if the values were within naturally reasonable range) of 24-hour time series data, 26 
river stations of 23 rivers from 43.037°N to 32.386°N were selected (Fig. 1) with a total of 92 
values from multiple years at these stations.  
I obtained stream order at each river stations from 50 m digital elevation maps provided by 
the Geospatial Information Authority of Japan (https://fgd.gsi.go.jp/download/menu.php) with the 
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Spatial Analyst tool of ArcMap 10.5 (ESRI 2017). Since water depth was not recorded at the MLIT 
observatory river stations, we estimated mean depth (D) for each river using the discharge data (Q, 
m3/s) and Manning’s equation by assuming that all rivers had a rectangular cross section. The 
details are shown in Gurung et al. (2019).  
Hourly data of meteorological parameters such as atmospheric temperature, pressure, and 
irradiance were obtained from the meteorological stations of the Japan Meteorological Agency 
(http://www.jma.go.jp/jma/index.html) that were closest to the river stations. Irradiance data collected at 
the meteorological stations were converted to photon flux using a conversion factor of 0.46 
(Wetzel and Likens 2000).   
 
Model estimating the metabolic rates 
Methodology for estimating GPP and ER rates with the BAyesian Single-station Estimation 
(BASE) v2.0 model (Grace et al. 2015) are described elsewhere (Gurung et al. 2019).  
 
Land use and land cover analysis 
Watershed area, land use and land cover in the watersheds of 26 river stations examined 
were analyzed with a geographic information system (GIS) using ArcMap 10.5 with spatial analyst 
extension (ESRI, 2017). Digitized data used for these analyses were obtained from a 50m grid 
digital elevation model published by the Geospatial Information Authority of Japan 
(https://fgd.gsi.go.jp/download/menu.php). To perform the land use and land cover analysis, I 
downloaded 1:50,000 scale vegetation maps from the Biodiversity Center of Japan 
(http://www.biodic.go.jp/). The vegetation map classified land components into >250 categories 
according to vegetation types and land uses. In this study, I summarized and reduced these land 
categories into five land components consisting of agriculture (Ag), water bodies (Wat), urban 
areas (Urb), grassland (Grs) and forest (For). Agriculture included paddy fields, cultivated fields, 
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orchards, gardens, fallow field and uncultivated weed field. Water bodies included open water 
areas and river itself. Urban areas included residential, commercial and industrial areas with 
infrastructures like roads and railways. Grassland comprised of alpine shrubs, herbs, sasa-suzuki 
prairie, golf courses, bamboo groves and pastures. Forests encompassed natural, planted and 
mixed forests composed of evergreen species such as, Persea japonica, Picea jezoensis, 
Chamaecyparis obtusa, Sciadopitys verticillata, Pinus densiflora, Cryptomeria japonica and 
deciduous species such as Castanea crenata, Aphanantha aspera, Euptelea polyandra, Alnus 
japonica, Quercus serrata, Larix kaempferi etc. 
After delineating the watershed for each river station, I used buffer function in ArcMap 10.5 
(ESRI 2017) to create eight spatial scales: areas of a) 1500 m radius, b) 3000 m radius, c) 10 km 
radius and d) 25 km radius, and both sides of e) 30 m riparian stripe, f) 1500 m riparian stripe and 
g) 3000 m riparian stripe along the river , and h) whole watershed above the river stations (Fig 2).  
 
Statistical analysis 
In this study, I converted GPP and ER rates into the units of carbon, assuming both 
photosynthetic and respiration quotients of unity. I also converted the volumetric metabolic rates 
into areal estimates by multiplying them by mean water depth, which was determined from the 
discharge data and Manning’s equation (Gurung et al. 2019). Then, mean metabolic rates (GPP 
and ER) in August were calculated for each site for each year during the period from 2010 to 2016. 
To examine effects of temperature and latitude on GPP and ER rates, generalized linear mixed 
model (GLMM) was performed with year as a random factor. 
 I also examined effects of each of land components (agriculture, grassland, urban, and 
forest) in various spatial scales on the metabolic rates using the conventional regression analysis. 
Area of water bodies were excluded from the analysis since it included the river itself. Before the 
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statistical analysis, I performed log(x+1) transformation for all the land component variables of 
different spatial scales.  
Since some of the land component variables showed similar trends among different spatial 
scales, I estimated 1-r2 values as a distant metric for all the combination of land use variables. 
Using this distance, I performed a cluster analysis with the ward method, visualized the 
relationship among the variables, and divided the variables into 10 clusters (K=10). From each 
cluster, I selected one variable for further analysis. In this study, I selected land component 
variables from areas of 1500 m radius, 10 km radius and 1500 m riparian stripe. Then, I performed 
GLMM for the GPP and ER rates using temperature, latitude and 10 selected land use component 
variables as fixed factors and year as random factor. Then, by selecting or dropping explanatory 
variables manually, I selected the model for best fit using Akaike’s information criterion (AIC). I 
estimated the difference in AIC value (Δi) between the best fit and other models. If Δi for model 
was < 2, the model was treated equally as the minimally adequate model (Burnham and Anderson 
2002). These statistical analyses were done using psych package (Revelle 2018), lme4 package 
(Bates et al. 2015), lmerTest package (Kuznetsova et al. 2017) and MuMIn package (Barton 2018) 





The river observatory stations used in this study sprawled across the entire archipelago from 
Hokkaido to Kyushu (Table 1; Fig. 1). The elevation of the observatory stations ranged from 1 m 
at the Shinano River to 181 m at the Kitakami River (Table 1). The rivers examined were mid to 
large sized, with stream orders ranging from 4 to 7 (Table 1).  
The water temperature in August ranged from 15.32°C at Horohirabashi (Toyo River) to 
31.85°C at Hirakata Ohashi (Yodo River) with the mean of 26.81°C and related negatively with 
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latitude, indicating that it was generally lower at northern river stations. The aerial views on 
Google Earth Pro showed that all the river stations had an open canopy (Fig 3).  
River metabolic rates 
I obtained a total of 92 values for each of gross primary production (GPP) and ecosystem 
respiration (ER) rates in August for different years and at different river stations (1 – 7 values per 
a river station). Reaeration rates (K) ranged from 0.01 day-1 to 33.87 day-1, with the mean of 7.33 
day-1. GPP rate varied highly and ranged from 0.04 g C m-2 d-1 at Kurumeohashi (Chikuko River) 
to 8.62 g C m-2 d-1 at Kasamatsu (Kiso River) whereas ER rate ranged from 0.04 g C m-2 d-1 at 
Tokachibashi (Tokachi River) to 9.68 g C m-2 d-1 at Kasamastu (Kiso River).  
To examine if GPP and ER rates changed latitudinally and with temperature, I performed a 
generalized linear mixed model (GLMM) with year as a random factor. The analysis showed that 
both GPP and ER rates were positively and significantly related with latitude and temperature 
(Table 2), indicating that these metabolic rates increased toward north regardless of temperature. 
 
Land use and land cover 
Areas of the watersheds differed largely among the river stations and varied from 270 km2 
at Ginbashi (Ina River) to 11866.89 km2 at Shinano (Shinano River) (Table 1, Fig. 4, Fig. 5). 
Among the five land use categories, forest occupied the largest area with 68% of the total area, 
followed by agriculture (19%) in our study (Fig 6). Simple correlation analysis showed no 
latitudinal trends in any land use and land cover categories, except grassland area which was 
positively related with latitude in the spatial scale of 25 km radius, 3000 m riparian stripe and 
whole watershed in upstream of the river stations, and negatively with the spatial scale of area in 
3 km radius above the river stations (Table 3).  
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Percentages of each land use and land cover category in total upstream areas differed among 
the river stations but were similar among the areas of 30 m, 1500 m and 3000 m riparian stripes 
and whole watershed. In these spatial scales, more than 50% of the area was covered by forests in 
all the river stations, followed by agricultural areas (Fig 7).  In the areas of 10 km and 25 km radius, 
percentages of forest areas decreased while those of agricultural and urban areas increased. In the 
areas of 1500 m and 3000 m radius, more than 50% was occupied by urban areas at 9 watersheds 
and agricultural areas at 8 watersheds, and areas occupied by forest were highly limited compared 
with the whole watershed (Fig 7).   
To examine similarity in spatial trends of land use and land cover categories among the 
different spatial scales, I performed cluster analysis using correlation coefficients among the land 
components of different spatial scales (Fig. 8). Based on the analysis, the land components of the 
different spatial scales were divided into 10 clusters. These were (1) urban, (2) grassland, (3) forest 
and (4) agriculture areas along rivers (30 m, 1500 m and 3000 m stripes) and whole watershed, (5) 
urban, (6) grassland, (7) agriculture and (8) forest areas of 1500 m and 3000 m radius above the 
river stations, and (9) forest and (10) grassland areas of 10 km and 25 km radius above the river 
stations. Urban areas of the 10 km and 25 km radius was included in (1), and agriculture area of 
the 25 km radius was included in (4) while those of 10 km radius in (7). From the spatial position 
of these categories, I defined clusters (5) – (8) as near-distance land components to the river station, 
clusters (9) and (10) as mid-distance land components, and clusters (1) – (4) groups as far-distance 
land components. 
 
Relationship between metabolic rates, land use and land cover 
To examine if GPP and ER rates were affected by land use and land cover in the watershed, 
I examined relationship between these metabolic rates and each of the land components at different 
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spatial scales (Table 3). GPP rate was significantly and positively related with grassland areas in 
1500 m and 3000 m riparian stripes and whole watershed, and negatively with urban areas in 10 
km radius above the river stations. ER rate was significantly and positively related with agriculture, 
urban and grassland areas in the 30 m, 1500 m and 3000 m river stripes and the whole watershed, 
and negatively with forest areas in the 3000 m, 10 km and 25 km radius above the river stations 
and with urban area in the 10 km radius (Table 3).  
To examine how these land components affected jointly on GPP and ER rates, I performed 
generalized linear mixed model (GLMM) using temperature, latitude and land components as 
fixed factors and year as a random factor. Then, I selected the best model according to AIC.  Since 
some of land use components showed similar trends among the different spatial scales, I used one 
component from each of the 10 clusters shown in Fig. 8 to remove artifacts due to multicollinearity. 
Specifically, I used land cover and land use components in the 1500 m riparian stripe (far-distance 
land components), 10 km radius (mid-distance components) and 1500 m radius (near-distance 
components) above the river stations. The analysis showed that the best fit model for GPP rate 
included temperature, far-distance grassland and agriculture areas (in the 1500 m riparian stripes), 
mid-distance forest area (in the 10 km radius), and near-distance agriculture and forest areas (in 
the 1500 m radius), but did not include latitude (Table 4). Among these, far-distance agriculture 
and mid-distance forest affected negatively on GPP rate but other components affected positively 
on GPP rate.  The best model for ER rate also did not include latitude but far-distance grassland 
area (in the 1500 m riparian stripe), near-distance urban and agriculture areas (in the 1500 m 
radius) were included as positive factors and mid-distance grassland area as a negative factor.  
Overall, the best models explained 33.14% and 25.45% of variations in GPP and ER rates, 
respectively. 
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Discussions 
In previous study, I found that both GPP and ER rates increase toward north at both regional 
scale of the Japanese archipelago and at the global scale but this pattern could not be explained by 
temperature, photosynthetic active radiation (chapter 1: Gurung et al. 2019) nor by precipitation 
(chapter 2). Accordingly, I hypothesized that land use and land cover in the watershed play a 
pivotal role in the latitudinal variation of river metabolic rates. To test such hypothesis, I examined 
land use and land cover at various spatial scales in the watershed where river metabolic rates were 
measured. The result showed that, although latitude was a significant factor affecting both GPP 
and ER rates when land use and land cover components in the watershed were not considered, it 
was not included in the best model for the metabolic rates when these components were included 
in the analyses. The results support the hypotheses that increasing trends of GPP and ER rates 
toward north are generated by latitudinal differences in land use and land covers in the watershed.  
Previously, a number of studies have examined effects of land use and land cover on river 
metabolic rates (Young and Huryn 1999; Macedo et al. 2013; Masese et al. 2017). However, most 
of these studies examined the effect of land components by comparing the GPP and ER rates 
estimated at reaches with different land use and land cover conditions in a single river system (e.g. 
Masese et al. 2017).  Thus, these studies examined effects of near-distance land conditions on river 
metabolic rates. Differed from these studies, Bernot et al. (2010) and Frankforter et al. (2010) 
examined effects of land use and land cover on river metabolic rates comparing different river 
systems where dominant land use and land cover were diferent in the watersheds. These studies 
examined the effects of land use and land cover components in a single spatial scale.  In this study, 
I examined effects of land use and land cover components on GPP and ER rates in various scales 
including whole watershed, riparian stripes along rivers and areas of few thousand metres to 
several kilometers radius above the river stations. The present analyses revealed that both GPP 
and ER rates were related with different spatial scales depending on land use and land cover 
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components. The results suggest that the river metabolic rates are affected by not only near-
distance land components but also far-distance land components. 
In this study, far-distance (1500 m riparian stripes) agricultural areas had a negative and 
near distance (1500 m radius) agricultural areas had a positive effect on GPP rates. The result 
suggests that effects of land components on the river metabolic rates change depending on distance 
from the sampling points where the measurements were done.  A review by Silva-Junior (2016) 
showed that GPP rate varied greatly in response to changes in agricultural impacts compared with 
ER rate in approximately 80% of the published studies. However, response of GPP rate to changes 
in agricultural impacts were not the same among the studies. For example, Bott et al. (2006) and 
Fellows et al. (2006) showed that GPP rate increased with increase in agricultural areas but the 
opposite was true in studies by Brisbois et al. (2008) and Iwata et al. (2007). These results imply 
that agricultural areas have both positive and negative impacts on the river metabolic rates. On the 
one hand, increase in agricultural areas likely increase discharge rate of nutrients into rivers which 
promote GPP rate. Indeed, concentrations of nutrients such as nitrates, phosphates were higher in 
rivers draining agricultural areas than in rivers without agricultural areas in the watershed (Fuhrer 
et al. 1999; Mueller and Spahr 2006; Kamjunke et al. 2013). If growth rate of autotrophic 
organisms such as algae and aquatic macrophytes are limited by nutrients, they are likely to 
consume these nutrients quickly which result in reducing nutrient concentrations at distance 
further from where nutrients are supplied.  The possibility implies that the GPP rate increases if 
there are agricultural areas near the river stations. Apart from the positive effects of agricultural 
areas on the GPP rate, Brisbois et al. (2008) and Wantzen and Mol (2013) showed that agricultural 
land use generally increased turbidity in river water. Similarly, Iwata et al. (2007) suggested that 
riparian agricultural activities often increase sediment input to rivers, which result in decreasing 
GPP rates due to reduction of light penetration into the riverbeds. If turbidity caused by, for 
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example, fine clays, is spatially less settled down along rivers due to turbulences, its negative 
impacts on GPP would be effective for long distance. The possibility implies that if riparian 
agricultural activities cause high turbidity as suggested by Iwata et al. (2007) and Brisbois et al. 
(2008), it is possible that far-distance agricultural areas give negative impacts on the river GPP 
rates. Therefore, negative effects of far agriculture areas on the GPP rate in this study may reflect 
such possibility, although near agriculture areas rather increased the GPP rate probably through 
the supply of nutrients. 
In this study, ER rate was affected by near agriculture and urban areas. A number of studies 
reported increase in the ER rate in rivers flowing across agricultural areas (Bott et al. 2006; Rosa 
et al. 2013) and urban areas (Gücker and Pusch 2006; Izagirre et al. 2008; Clapcott and Young 
2009; Silva-Junior et al. 2014). These studies explained that the increased ER rates in these rivers 
is caused by the increased supply of organic matter and nutrients. Although Clapcott and Young 
(2009) and Kaushal et al. (2014) showed that GPP rate also increase in rivers draining urban areas, 
such an effect of urban areas on GPP was not detected in this study. Although both growth rates 
of autotrophic and heterotrophic organisms are affected by the supplies of nutrients (Miura and 
Urabe 2015), the latter alone requires organic matter. In addition, sewage systems are well 
developed in urban areas of Japan, suggesting that point sources of nutrients are limited. Therefore, 
ER rate but not GPP rate was affected by urban areas. It should be noted that, differed from its 
effect on GPP rate, turbidity has theoretically no negative impact on ER rate since heterotrophic 
activities do not require light. Therefore, the ER rate was not affected by far-distance agricultural 
areas in this study. 
Both GPP and ER rates were affected positively by grassland at the far-distance (1500 m 
riparian stripe) scale. Similar to the present result, relatively higher riverine production rates are 
reported in rivers surrounded by pastures and shrubs. Young and Huryn (1999) reported high 
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production rates at rivers close to grassland than those surrounded by forests. Menninger and 
Palmer (2007) also showed that primary production rates in rivers surrounded by herbs and grasses 
was as high as those surrounded by agricultural areas. By observing various rivers, Allan (2004) 
stated that GPP rates tended to be higher in rivers flowing through grassland ecosystems than in 
those in forested ecosystems. Young and Huryn (1999) speculated that lack of tall riparian 
vegetation can allow overland flow to wash debris and detritus into rivers, which results in 
increasing organic matter and nutrients. However, it is not clear why far but not near-distance 
grassland affected on these river metabolic rates. Moreover, in this study, mid-distance grassland 
had negative impact on the ER rate.  As mentioned earlier, impacts of land use and land cover on 
river metabolic rates through supplies of nutrients and organic matter are probably not effective 
continuously for long distance. In addition, grassland occupied only 4% of the total area in this 
study. Thus, effects of grassland on metabolic rates may not have been due to increased supply of 
nutrients and organic matter.  Alternatively, effects of grassland on the river metabolic rates may 
be different among local areas. In this study, the land cover category of “grassland” included a 
variety of components such as shrubs, herbs, prairie, golf courses, and meadows/pastures. 
According to Matsuura et al. (2012), meadows and pastures are mainly distributed in north Japan. 
Nutrient loadings into rivers from meadows and pastures where live stocks graze are generally 
much higher than that from natural grassland (Hammer 1992; Townsend and Riley 1999; Hofmann 
et al. 2011).  Thus, effects of grassland on river metabolic rates may have differed depending on 
its component. To uncover reasons for positive effects of far-distance grassland on river metabolic 
rates, therefore, fine scale land cover and land use analysis is necessary. 
Forests at near-distance (1500 m radius) scale had a positive and mid-distance (10 km radius) 
had a negative effect on the GPP rates. Forests are known to purify water by decomposing and 
removing organic matter through underground biological processes (Perttu and Kowalik 1997). 
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Although the effects of forests on water quality vary in large watersheds with multiple land uses 
(Dissmeyer 2000; Hurley and Mazumder 2013), several studies have shown that runoff from 
forests tends to have lower concentrations of suspended solids than that from other land 
components (Dunne and Leopold 1978; Carlson et al. 2016). These findings suggest that among 
land cover and land use components, forests have function to reduce discharge rate of nutrient and 
organic matters into rivers in relatively larger scales. Therefore, GPP rates of river stations with 
larger forest areas in mid-distance radius could be lower in this study.  
Several studies have shown that leaf litter can be an important phosphorus source for algae, 
since it is efficiently leached form leaf litter compared with nitrogen (Baldwin 1999; Schreeg et 
al. 2014). Although forested rivers are generally heterotrophic due to the supply of large amount 
of organic matter from forests (Fisher and Likens 1973; Webster et al. 1995; Mulholland et al. 
2001), Jackrel and Wootton (2015) and Hirama et al. (in submit) showed that leaf litters also 
increased production of aquatic algae under unshaded conditions. The fact implies that near-
distance forest can stimulate riverine production by supplying phosphorus through leaf litter. 
Therefore, near-distance forest may have positively affected GPP rate in this study.  
In conclusion, this study showed that the river metabolic rates are differently affected by 
different land use and land cover components and that the same land use and land cover 
components have different effects on the river metabolic rates depending on the distance from the 
location where these rates are measured. Thus, to better understand how river metabolic rates are 
related with land cover and land uses, analysis with multiple spatial scales is necessary. In previous 
study, I showed that both the river GPP and ER rates increased toward north especially in summer 
in spite of the lower temperature (Gurung et al. 2019) and hypothesized that such a trend are caused 
by difference in land use and land cover in the watershed of rivers examined.  When we included 
land use and land cover components together with latitude as explanatory variables for analyzing 
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spatial variations in the river metabolic rate, latitude was not included as the significant 
explanatory variables. The results support the hypothesis that spatial variations of the river 
metabolism are indeed caused by the land use and land cover.  Latitudinal variations in the river 
metabolic rates suggests that the balance of GPP and ER rates in given river ecosystem will change 
under putative warming. However, this study suggests that changes in local land use and land 
cover induced by anthropogenic activities would have greater impacts on the balance between the 
GPP and ER rates in given river ecosystems. Among the land use and land cover components, area 
of grassland in relatively large scales alone related with latitude. However, I could not clarify why 
and how grassland affects river metabolic rate. A more fine-scale land use and land cover analysis 
is necessary to uncover the latitudinal trend in effects of land use and land cover on the river 
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Fig 1. Map of Japan showing locations of 26 river stations examined in this study.  
 
 







Fig 2. Example of different spatial scales for the Shinano watershed used in land cover and land 
use analysis, showing areas of (a) 1500 m radius (black area), (b) 3000 m radius (black area), (c) 
10 km radius (black area) and (d) 25 km radius (black area), and  area of both sides of (e) 30 m 
riparian stripe (black line), (f) 1500 m riparian stripe (white area) and (g) 3000 m riparian (white 
area) stripe along the river, and (h) whole watershed above the river stations.   
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Fig 3. Aerial views showing some example of river stations.  (a) Funadabashi (Kitakami River), 
(b) Maebashi (Katsura River) and (c) Yamagehi (Mimi River). All images are taken from 500 m 
above the ground by using Google Earth Pro.   
 




Fig. 4. Example of the land use map of Shinanogawa watershed located at 37.8817°N, in Nagano 
and Niigata prefectures.
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Fig 5. Watershed maps of the 26 river stations analyzed in this study, showing areas occupied by agriculture (pink), water bodies (light blue), urban 
(yellow), grassland (purple) and forest (dark blue).
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Fig 6.  Percentages of land components in total areas of the watersheds of rivers examined in this 
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Fig 7. Percentages of the areas covered by agriculture (pink), water bodies (light blue), urban (yellow), grassland (purple) and forest (dark blue) for 
each watershed of the 26 river stations at eight different spatial scales: (a) 1500 m radius, (b) 3000 m radius, (c) 10 km radius and (d) 25 km radius, 
(e) 30 m riparian stripe, (f) 1500 m riparian stripe, (g) 3000 m riparian stripe and (h) whole watershed.   





Fig 8. A dendrogram showing the clustering of land use and land cover components: agriculture 
(Ag), urban (Urb), grassland (Grs) and forest (For) in areas of (a) 1500 m radius, (b) 3000 m 
radius, (c) 10 km radius and (d) 25 km radius, (e) 30 m riparian stripe, (f) 1500 m riparian stripe, 
(g) 3000 m riparian stripe and (h) whole watershed. 
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Table 1: Location of river stations where the GPP and ER rates were examined in this study.  
 
 






1 Toyohira Horohirabashi 43.0378 32 5 643.72 
2 Tokachi Tokachibashi 42.9344 19 6 2546.25 
3 Chitose Hinodebashi 42.8325 10 4 372.96 
4 Iwaki I Goshogawara 40.8078 10 6 1697.39 
5 Iwaki II Kamiiwakibashi 40.5919 45 4 407.06 
6 Kitakami I Funadabashi 39.8350 181 5 1090.20 
7 Kitakami II Shiwabashi 39.5514 92 5 2583.77 
8 Mogami Horinouchi 38.6642 49 6 4377.25 
9 Shinano Shinano 37.8817 1 7 11866.89 
10 Kuji Sakakibashi 36.4964 9 5 1416.74 
11 Tone Ashikaga 36.3269 40 5 746.19 
12 Kiso Kasamatsu 35.3614 10 6 4880.02 
13 Yura Shimoaamazu 35.3556 16 6 1591.20 
14 Shonai Biwajima 35.1992 11 5 760.39 
15 Yahagi Iwatsu 35.0022 27 5 1380.70 
16 Katsura Maebashi 34.9075 14 6 1158.65 
17 Ina I Ginbashi 34.8550 11 4 270.00 
18 Yodo Hirakata Ohashi 34.8125 2 7 7345.13 
19 Toyo Tougo 34.8106 9 4 653.38 
20 Ibo Kamikawara 34.8014 4 5 795.01 
21 Ina II Gunkobashi 34.7989 12 4 338.08 
22 Kako Kunikane 34.7975 13 6 1711.07 
23 Kumozu Kumozubashi 34.6467 6 4 457.94 
24 Miya Wataraibashi 34.4892 10 5 801.54 
25 Chikuko Kurumeohashi 33.3300 2 7 1850.70 
26 Mimi Yamagehi 32.3863 19.3 4 772.21 
  136 
Table 2. Results of generalized linear mixed model for the gross primary production (GPP) and 
ecosystem respiration (ER) rates with temperature and latitude as explanatory variables and year 
as a random variable. 
 
 
*** p < 0.001; ** p <0.01; * p < 0.05 
 
 
GPP     
Random Effects     
 Name Variance Std. Dev.  
Year (Intercept) 0 0  
Residual  0.04 0.2  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) -1.54 0.67 -2.29 0.02* 
Temperature 0.02 0.009 2.89 0.004** 
Latitude 0.03 0.01 2.48 0.01* 
     
Conditional R2 8.71%    
Marginal R2        8.71%    
AIC -4.34    
ER     
Random Effects     
 Name Variance Std. Dev.  
Year (Intercept) 0.00 0.00  
Residual  0.24 0.20  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) -1.91 0.69 -2.76 0.006** 
Temperature 0.02 0.01 2.73 0.007** 
Latitude 0.04 0.01 3.30 0.001** 
     
Conditional R2 10.91%    
Marginal R2 10.91%    
AIC 0.59    
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Table 3: Correlation coefficients of latitude, gross primary production (GPP) rate and ecosystem 
respiration (ER) rate against areas of agriculture (Ag), urban (Urb), grassland (Grs) and forest 
(For) in area of (a) 1500 m radius, (b) 3000 m radius, (c) 10 km radius and (d) 25 km radius above 
the river stations, (e) 30 m riparian stripe, (f) 1500 m riparian stripe, (g) 3000 m riparian stripe and 
(h) whole watershed.   
*** p < 0.001; ** p <0.01; * p < 0.05 
  Spatial 
scale 








Ag 0.08  0.06  0  
For -0.07  0.07  -0.15  
Urb 0.01  -0.07  0.03  




Ag 0.08  0.05  0.05  
For 0.03  -0.05  -0.23 * 
Urb -0.09  0.03  0.1  





Ag 0.19  0.02  0.09  
For 0.03  -0.11  -0.27 ** 
Urb -0.10  -0.22 * -0.41 *** 




Ag 0.05  0.12  0.2  
For 0.04  -0.09  -0.22 * 
Urb -0.19  0.1  0.24 * 






Ag 0.04  0.09  0.2 * 
For -0.01  -0.03  0.08  
Urb -0.15  0.12  0.28 ** 





Ag 0.04  0.13  0.25 ** 
For 0.03  -0.01  0.12  
Urb -0.16  0.12  0.29 ** 





Ag 0.06  0.1  0.24 * 
For 0.04  0  0.13  
Urb -0.17  0.12  0.29 ** 






Ag 0.02  0.14  0.26 ** 
hor 0.08  0.02  0.16  
Urb -0.19  0.12  0.28 ** 
Grs 0.20 * 0.31 ** 0.37 *** 
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Table 4. The best models of the generalized linear mixed model for the gross primary production 
(GPP) rate and ecosystem respiration (ER) rate. The full model included temperature, latitude, 10 
land use components (aUrb, aGrs, aAg, aFor,cFor, cGrs, fUrb, fGrs, fFor, fAg) as an explanatory 
variable and year as a random variable. 
 
 
GPP     
Random Effects     
 Name Variance Std. Dev.  
Year (Intercept) 0.0004 0.02  
Residual  0.031 0.17  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) -0.06 0.18 -0.34 0.73 
Temperature 0.02 0.006 3.19 <0.005 
aAg 0.53 0.12 4.18 <0.005 
aFor 0.46 0.14 3.30 0.001 
cFor -0.17 0.04 -4.13 <0.005 
fGrs 0.29 0.05 5.24 <0.005 
fAg -0.23 0.06 -3.78 <0.005 
     
Conditional R2 33.14%    
Marginal R2        32.26%    
AIC -13.62    
ER     
Random Effects     
 Name Variance Std. Dev.  
Year (Intercept) 0.00 0.00  
Residual  0.03 0.19  
     
Fixed Effects     
 Estimate Std. Error t-value Pr(>|t|) 
(Intercept) 0.02 0.09 0.29 0.76 
aUrb 0.43 0.15 2.77 0.006 
aAg 0.43 0.15 2.73 0.007 
cGrs -0.30 0.07 -3.93 <0.005 
fGrs 0.21 0.04 5.12 <0.005 
     
Conditional R2 25.45%    
Marginal R2 25.45%    
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